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Abstract 
Interplanetary manifestations of CMEs with specific plasma and field properties, 
called 'interplanetary magnetic clouds', have been observed in the heliosphere 
since the mid sixties. Dependiiig on their associated features, a set of observed 
magnetic clouds identified at 1 AU were grouped in four different classes using 
data over four decades; (i) interplanetary magnetic clouds moving with the am-
bient solar wind (MC-structure), (ii) magnetic clouds moving faster than the 
ambient solar wind and forming a shock/sheath structure of compressed plasma 
and field ahead of it (SMC-structure), (iii) magnetic clouds 'pushed' by the 
high speed streams from behind, forming an interaction region between the two 
(MIH-structure), and (iv) shock-associated magnetic clouds followed by high 
speed streams (SMH-structure). This classification into different groups led us 
to study the role, effect, and the relative importance of (a) closed field magnetic 
cloud structure with low field variance, (b) interplanetary shock and magnet-
ically turbulent sheath region, (c) interaction region with large field variance, 
and (d) the high speed solar wind stream coming from the open field regions, 
in modulating the galactic cosmic rays (GCRs). MC-structures are responsi-
ble for transient decrease with fast recovery. SMC-structures are responsible 
for fast decrease and slow recovery, MIH-structures produce depression with 
slow decrease and slow recovery, and SMH-structures are responsible for fast 
decrease with very-slow recovery. Simultaneous variations of GCR intensity, 
solar plasma velocity, interplanetary magnetic field strength, and its variance 
led us to study the relative effectiveness of different structures as well as in-
terplanetary plasma/field parameters. Use of interplanetary plasma and field 
parameters during passage of different structures also led us to relative impor-
tance of the magnetic field, its topology, field turbulence and the high-speed 
streams in influencing the amplitude and time profile of resulting decreases in 
GCR intensity. 
Galactic cosmic rays intensity in the heliosphere is modified as they travel 
through the Interplanetary Magnetic Field (IMF) embedded in the solar wind. 
In the decades seventies and nineties, the field is directed outward in the north-
ern and inward in the southern hemisphere. In this configuration, referred to 
as A > 0, positively charged particles drift inward at the poles and exit via 
current sheet (near the equator). In the opposite polarity configuration i.e. in 
sixties and eighties, referred to as >1 < 0, particles drift inward along the current 
sheet (near the equator) and then upward toward the poles. Thus it might be 
expected that incoming cosmic rays will be affected differently by drift effects 
during the two magnetic configuration A> 0 and A <0. 
A Forbush decrease is a transient and rapid reduction (with in a few hours) 
in cosmic ray intensity followed by a slow recovery typically lasting several 
days. The average profile of Forbush decreases (FDs) observed during differ-
ent polarity states of the heliosphere is obtained by superposed epoch analysis 
for the periods 1961-1969 (A > 0), 1971-1979 (A < 0), 1981- 1989 (A > 0) 
and 1991-1999 (A < 0). Hourly count rate of neutron monitors of different 
cut off rigidities, have been utilized. The analysis has been done separately 
for FDs observed during sixties, seventies, eighties and nineties. The results 
are compared with model predictions including drifts. No marked difference is 
found in the average amplitude of FDs during A < 0 and A > 0. The rigidity 
spectrum of FDs during different polarity conditions of Interplanetary Magnetic 
Field (IMF) has been studied. The rigidity spectrum of the average FDs does 
not vary with IMF polarity consistent with the earlier findings based on the 
analysis of individual FDs events. Rigidity spectrum fitted with a power law 
yields the values of spectral exponent that are closer to values predicted by two-
dimensional models including drifts. However, the recovery rate of FDs varies 
with the polarity of IMF and the rate is higher during A > 0 than during A < 
0 epoch throughout the recovery phase, consistent with the model predictions 
including the drift eflFects in the IMF. This difference in recovery time of FDs 
during A > 0 and A < 0 polarity conditions provides experimental evidence 
that drift plays an important role in cosmic ray modulation. 
High speed solar wind streams originate from coronal holes the regions with 
open magnetic fields. The streams produced by a coronal hole are recurrent 
corotating streams, with an apperent tendency to occur at every 27 days. Such 
corotating streams are likely to produce slowly varying depressions in cosmic 
ray intensity lasting several days. 
The solar magnetic cycle dependence of cosmic ray depressions due to coro-
tating high speed solar wind streams (CSWS) during different polarity states of 
the heliosphere has been studied. The daily averaged cosmic ray intensity data 
from Climax, Oulu and Thule neutron monitors together with simultaneous so-
lar wind plasma and field data are subjected to superposed epoch analysis with 
respect to CSWS start time. These analyses are carried out separately in dif-
ferent polarity states of the heliosphere A < 0 and A > 0 during solar minimum 
as well as during the periods of variable solar activity. Although the average 
variations in the solar wind velocity, IMF strength and its variance are found to 
be almost similar, the amplitudes of CSWS associated cosmic ray depressions 
are quite different during different polarity epochs; they are larger during A > 
0 than A < 0 periods. Further, a correlation analysis between cosmic ray inten-
sity and solar wind velocity during CSWS shows differences in their relationship 
during A > 0 and A < 0; they are much better during A > 0 than A < 0. Two 
other solar wind parameters, IMF strength and its variance, do not show a sig-
nificant relationship with cosmic ray intensity change through the passage of 
these streams, although the initial depression coincides the enhancement of the 
two parameters. These results are discussed in the light of existing models of 
galactic cosmic ray modulation. 
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Chapter 1 
Introduction 
1.1 The solar wind and the heUosphere 
The space between the Sun and its planets is filled by a tenuous magnetized 
plasma, which is a mixture of ions and electrons flowing away from the Sun, 
called solar wind. The solar wind (and the interplanetary magnetic field car-
ried with it) proves to be one key link between solar atmosphere and the Earth 
system [e.g. Schween, 2006]. 
The Sun's hot corona is the source of the solar wind that streams past the 
Earth. The temperature of the corona is so high that the Sun's gravity cannot 
hold solar material, resulting emission of solar material from the solar corona 
into interplanetary space. Parker [1958] introduced the concept of the super-
sonic expansion of the solar corona, the solar wind. Its existence was confirmed 
by Mariner-2 in 1962 [see Snyder & Neugebauer, 1963]. At the orbit of Earth 
typical solar wind densities , flow speed and temperature are of the order of 
8 protons cm~^, 470 km/sec and 1.2 x 10^ K respectively; however, the solar 
wind is highly variable in both space and time. It was not until the skylab era 
in 1973/74 when so-called coronal holes were discovered to be the sources of 
long-lived solar wind high-speed streams (speed ~ 400-800 km/sec). Coronal 
holes are usually located above inactive parts of the Sun, where open mag-
netic field lines prevail, e.g. at the polar caps around solar activity minima. 
In contrast, the more active near-equatorial regions on the Sun are most often 
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associated with closed magnetic structures, such as bipolar loop systems and 
helmet streamers. From here, the more turbulent slow solar wind (speed ~ 250-
400 km/sec) emerges. The coronal holes are unipolar regions of magnetic fields 
opening into interplanetary space with low density and temperature compared 
to the quiet corona. Normally there exist two coronal holes due to the global 
dipole character of the magnetic field near the Sun. These polar holes, however, 
may have solar activity dependent deviations from their average axisymmetric 
shape with irregular foot point regions some times even extending down to the 
solar equator [Gosling, 1996]. 
The Sun influences the Earth in different ways by emission of radiation, 
plasma and high energy protons, neutrons and ionized nuclei. Although the en-
ergy fraction carried by high energy particles is very small compared with visible 
light energy, nonetheless, the study of these particles gives clues not only about 
fundamental and universal physical processes such as shock acceleration, but 
also provides timely information on the aftermath of the huge solar explosion 
affecting the near-Earth environment and space borne and surface technologies 
[Chilingarian et al., 2007]. 
A weak magnetic field embedded within the solar wind plasma is affecti\e 
both in excluding some low-energy cosmic rays from the solar system and in 
channeling energetic particles from the Sun into interplanetary space. The so-
lar wind plays an essential role in shaping planetary magnetospheres [Gosling. 
1996]. 
The solar wind shapes the region of the interplanetary space, otherwise 
known as the heliosphere, the physical conditions within this space are under 
the influence of the Sun. 'Helios' is the ancient Greek word for the Sun. The 
heliosphere is the entire region of space influenced by the Sun and its magnetic 
field (called the IMF). The IMF is enormous and is carried throughout space 
by the solar wind. In other words the solar wind streams off out of the Sun at 
a speed of several hundred km/s, creating a magnetized bubble of hot plasma 
around the Sun. This bubble, called the heliosphere, is separated from the inter-
stellar gas (local interstellar medium, LISM) by a heliopause. The interaction 
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of the supersonic solar wind with the local interstellar medium leads to a tran-
sition from supersonic speeds to subsonic at the heliospheric termination shock, 
which has been observed by Voyager-1 at a distance of about 94 AU [Stone et 
ai, 2005; Decker at el., 2005]. As suggested by sophisticated models [Scherer 
& Ferriera, 2005], supported by radio observation [Gumett et ai, 2003], the 
boundary layer between the local interstellar medium and solar wind, called the 
heliopause, is at about 125 AU [Heber et al., 2006]. The region between the 
termination shock and the heliopause is called the helio-sheath. Helio-sheath is 
deformed because of the ambient flow of the interstellar gas, forming a comet-
like tail behind the Sun [Venkatesan & Badruddin, 1990]. 
Approximately 11-year solar activity cycle is reflected in the strength of the 
IMF, the frequency of the coronal mass ejection (CMEs) and shock propagat-
ing outward. The solar magnetic field reverses at each solar activity maximum 
resulting in 22-year cycles as well. The field orientation is known as its polarity 
and is positive when the field is outward from the Sun in the northern hemi-
sphere (e.g. during the 1970s and 1990s) and negative when the field is outward 
in the southern hemisphere (e.g. 1960s, 1980s and 2000s). 
The expanding solar wind plasma carries with it the IMF. A neutral sheet 
separates the field into two distinct hemisphere one above the sheet, with the 
field either emerging from or returning to the Sun and other below the sheet 
with the field opposite in sense. The solar magnetic field is not aligned with 
the solar rotation axis and is also more complex than a simple dipole. As a 
result the current sheet is not flat but wavy, rotating with the Sun every 27 
days [Duldig, 2001]. 
Although the solar wind moves out almost radially from the Sun, the rotation 
of the Sun gives the magnetic field the form of a three-dimensional Archimedean 
spiral, known as the Parker spiral [Parker, 1963]. Fisk [1996] pointed out that a 
different correction needs to be made to the Parker spiral model for the simple 
reason that the Sun does not rotate rigidly but differentially, with the solar 
poles rotating ~ 20% slower than the solar equator. It rotates with a period 
that increases with latitude from 25 days at the equator to 36 days at poles. 
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For practical reason, the period is often taken to be 27 days. The interplay 
between the differential rotation of the magnetic field line footprints in the pho-
tosphere and subsequent non-radial expansion of the solar wind from coronal 
holes results in magnetic field excursion in the heliographic latitude. The di-
rection (polarity) of the field in the Sun's northern hemisphere is opposite to 
that of the field in the southern hemisphere and reverses at solar maximum. A 
heliospheric current sheet separtes the two polarities. As mentioned above, this 
current sheet is tilted because of an offset between Sun's rotational and mag-
netic axis. The tilt angle varying with the solar cycle from low to high values 
during solar maximum [Hoeksema, 1995]. 
The heliosphere is thus dominated by the solar magnetic field carried out-
ward by the solar wind plasma. Galactic cosmic rays beyond this region are 
considered to be temporally and spatially isotropic. Cosmic rays enter the he-
liosphere due to random motion and diffuse inward, towards the Sun gyrating 
around the interplanetary magnetic field and scattering at irregularities in the 
field. They will also experience gradient and curvature drifts and will be con-
vected back towards the boundary of the heliosphere and lose energy through 
adiabatic cooling. The combined effect of these processes is the modulation of 
cosmic ray distribution in the heliosphere. The solar regime and its evolution 
as a function of space and time is of importance in understanding the modu-
lation of cosmic rays. The importance of solar control and influence of diverse 
phenomena within this region are now recognized. 
1.2 CMEs, Magnetic Clouds and CIRs 
The idea of plasma clouds propagating from the Sun to the Earth was proposed 
as a cause of geomagnetic storms even before the existence of the solar wind 
was contemplated [Lindermann, 1919]. Such plasma clouds, now called coronal 
mass ejections (CMEs), are routinely observed in the solar wind. As a conse-
quence of the frozen-in property of magnetic fields in a fully ionized plasma, a 
beam of plasma from the Sun carries along the solar magnetic field. 
One of the most important scientific advances of space age was the discovery 
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of CMEs powerful eruptions in which as much as ten biUion tons of Sun's at-
mosphere can be blown into interplanetary space. Traveling outward from the 
Sun at speed upto 2000 km/sec, CMEs can create magnetic disturbances in the 
interplanetary medium and when they encounter the Earth severe geomagnetic 
storm are triggered. CME driven shocks can play a significant role in the accel-
eration of solar energetic particles and producing transient decreases in galactic 
cosmic rays. 
CMEs are spectacular manifestations of the evolution of the solar magnetic 
field and occur frequently in the Sun's outer atmosphere. During CME event 
~ 10^ ^ - 10^ ^ gms of solar material are propelled outward into interplanetary 
space from closed field regions in the solar wind expansion. Ejection speed range 
from less than 50 km/s in some of the slower events to greater than 2000 km/s 
in some of the faster ones [Gopalswamy, 2004], and frozen within the expelled 
material is a remnant of the solar magnetic field. In the corona, most CMEs 
are too slow to drive a fast MHD shock wave. Many of the CMEs are still 
faster than the sound speed, they might drive slow or intermediate MHD shock 
[Gosling, 1990]. 
The fast CMEs often drive large-scale density waves out into space which 
eventually steepen to form shock waves, similar to bow shocks in front of the 
Earth's magnetosphere. The shock wave is the outer boundary of a plasma 
sheath that results from compression, deflection and heating of the ambient so-
lar wind by the ejecta. The sheath may contain substantial distortions of the 
interplanetary magnetic field due to field line draping [McComas et ai, 1988] 
around the ejecta cloud pressing from behind. 
The ejecta themselves have properties that differ radically from those of the 
ambient solar wind. At first, the ejecta are often separated from sheath plasma 
by a tangential discontinuity. Their very different origin in discernible from 
their different elemental composition, ionization state, temperature depression, 
cosmic ray intensity decreases, the appearance of bidirectional distributions of 
energetic protons and cosmic rays and superthermal electrons [e.g. see Schwenn, 
2006 and references their in]. 
CHAPTER 1. INTRODUCTION 6 
For about one third of all shocks driven in interplanetary CMEs, the succeed-
ing plasma exhibits to an observer the topology of 'magnetic clouds' [Burlaga 
et al, 1981; Gosling, 1990; Burlaga, 1991]. However, Cane et al. [1997] suggest 
that the ratio might be more like 50% and furthermore that the cloud geometry 
may be a consequence of intercepting an ejecta near its center. Smooth rota-
tion of the field vector in a plasma vertical to the propagating direction, mostly 
combined with very low plasma beta and strong IMF with low variance give 
evidence of a flux rope topology [Bothmer & Schwenn, 1997] of these magnetic 
clouds. These ejecta with magnetic cloud or magnetic flux rope geometry are of 
particular interest to theoreticians, because such structures can be easily mod-
eled, Further, these ejecta have a magnetic enhancement which shows a clear 
rotation in direction and are therefore easy to identify. 
The magnetic cloud is a particular type of interplanetary ejection with the 
following properties: (1) the magnetic field direction rotates smoothly through 
a large angle during an interval of the order of one day; (2) the magnetic field 
strength is higher than average; and (3) the temperature is lower than average. 
All three of these criteria must be satisfied if an event to be identified as a mag-
netic cloud [Burlaga, 1991]. Thus a magnetic cloud contains strong, smoothly 
varying magnetic fields with a relatively low level of turbulence. However, in 
case of a magnetic cloud preceded by a shock wave, there is usually a turbulent 
sheath between the shock and the magnetic cloud. This difference in the level of 
magnetic turbulence during the passage of magnetic clouds and sheath regions 
has been very useful in the study of transient (Forbush) decrease in cosmic ray 
intensity [e.g. Badruddin et al., 1986, 1991; Zhang & Burlaga, 1988; Lapping et 
al, 1991; Lockwood et al, 1991; Ananthk. Venkatesan, 1993; Cane, 1993; Singh 
& Badruddin, 2007]. Scattering by enhanced magnetic turbulence [e.g. Nishida, 
1982] and drifting of cosmic rays in strong, ordered magnetic fields [e.g. Sarris 
et al, 1989] have been suggested as the primary cause of forbush decreases. In a 
statistical study of relationship between magnetic clouds and Forbush decreases, 
it is necessary to distinguish between a magnetic cloud which is preceded by 
a shock and a magnetic cloud which is not preceded by a shock. However, a 
CHAPTER 1. INTRODUCTION 7 
magnetic cloud is not necessary for a Forbush decrease. Any ejection moving 
fast enough to produce a shock might produce a Forbush decrease [Cane, 2000]. 
Burlaga et al. [1981], Klein &; Burlaga [1982] identified magnetic clouds in 
the solar wind, that have a characteristic size of the order of 0.25 AU at 1 AU. 
Additionally, Burlaga et al. [1982] identified a magnetic cloud that could be 
associated with coronal mass ejection, and Wilson & Hildner [1984, 1986] have 
found additional evidence supportive of an association between magnetic clouds 
and coronal mass ejections [see also Gosling, 1990]. 
Corotating interactive regions (CIRs), are large-scale structures within the 
solar wind where streams of material moving at different speeds collide and in-
teract with each other. The speed of the solar wind varies from less than 300 
km/s to over 800 km/s depending upon the conditions in the corona. Low speed 
winds come from the regions above helmet streamers while high speed winds 
come from coronal holes. As the Sun rotates these various streams rotate as 
well (co-rotation) and produce a pattern in the solar wind much like that of a 
rotating lawn sprinkler. However, if a slow moving stream is followed by a fast 
moving stream the faster moving material will catch-up to the slower material 
and plow into it. This interaction produces shock waves that can accelerate 
particles to very high speeds. 
In a stationary frame of reference the source of the radially expanding high 
speed streams rotates with the Sun and thus induces spirally shaped regions 
of compressions and rarefactions because of the fact that where the high speed 
material overtakes the slow plasma it forms a compression wave. The non-
radial components of the evolving pressure gradients drive secondary non-radial 
motions [Fahr k Fichtner, 1991]. 
1.3 Cosmic ray modulation: Basic idea 
Galactic cosmic ray modulation in the heliosphere has been intensively studied 
during the last decades. Still there are some open questions, especially on the 
relative roles of different modulation mechanisms for different solar polarity and 
activity phases [Alanko et al., 2007] 
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The intensity and spectrum of cosmic rays entering the heliosphere is mod-
ified as they travel through the IMF embedded in the solar wind in the helio-
spheric cavity. The propagation of cosmic rays in the heliosphere is modified as 
they travel through the IMF embedded in the solar wind in the heliosphere is 
described by the transport equation of galactic cosmic rays [Parker, 1965]. 
The current theory for cosmic-ray behavior in the heliosphere was developed 
almost 40 years ago [Parker, 1963, 1965; Gleeson & Axford, 1967] and has un-
dergone numerous refinements since then [Gleeson & Axford, 1968; Jokipii & 
Parker, 1970; Kota & Jokipii, 1983; Potgieter & Moraal, 1985; Boella et al, 
2001; Schemer k. Ferreira, 2005; Alanko et al, 2007 also see reviews by Hall 
et al., 1996; Potgieter, 1998; Heber et al., 2006; Heber & Potgieter, 2006 and 
references therein]. The basic ideas behind this theory can be stated relatively 
simply. The solar wind flows outward from the Sun in all directions. It carries 
with it a magnetic field. The cosmic-ray particles are charged and thus interact 
with the magnetic field. The solar wind, then, tends to sweep galactic cosmic 
rays out of the heliosphere, or equivalently the cosmic rays must fight their 
way upstream against the outward flow of the wind. Not all the cosmic rays 
successfully make this trek, with the result that the cosmic-ray flux seen in the 
inner heliosphere is lower than that in the interstellar medium. And if we vary 
conditions in the heliosphere the cosmic-ray flux will change in time. 
There are four physical processes which are believed to be important for 
modulation: diffusion, effects associated with the large-scale magnetic field, 
convection, and energy change [e.g. Fisk, 1980]. 
Diffusion: The magnetic field in the solar wind contains small-scale irregu-
larities. There are Alfven waves, perhaps some magnetosonic waves, and other 
fluctuations. In some cases these irregularities have scale sizes comparable to the 
gyroradii of the cosmic rays, with the result that the cosmic rays are scattered. 
Their pitch angle or equivalently their velocity parallel to the mean magnetic 
field changes randomly with time. It is also possible for the particles to be 
scattered or to propagate by other means, in a random fashion, in a direction 
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normal to the mean magnetic field [Jokipii & Parker, 1969]. We normally de-
scribe the effects of this scattering as a diffusion process. 
Effects due to the large-scale magnetic field: The effect associated with the large-
scale field, is gradient and curvature drift. The orientation and magnitude of 
the magnetic field varies with radial distance and latitude. Thus, particles may 
undergo systematic drifts in this field, which among other effects should result 
in a significant transport of particles in latitude. This process has been treated 
in detail [e.g., Jokipii et at., 1977; Isenberg k Jokipii, 1979; Potgieter & Moraal, 
1985]. 
The direction in which particles drift depends on the polarity of the mag-
netic field; if the polarity is reversed, particles drift in the opposite direction. 
At least in solar-minimum conditions, the heliospheric magnetic field appears 
to be divided into two regions of relatively uniform polarity [Smith et ai, 1978]. 
The northern hemisphere of the heliosphere has the same polarity as the north 
pole of the Sun; the southern hemisphere the polarity of the southern solar pole. 
The two regions are divided by a warped current sheet that lies near the solar 
equatorial plane. 
However, the polarity of the solar magnetic field changes approximately ev-
ery 11 years, and with it the polarity of the heliospheric field and direction 
of the particle drifts. We might expect, then, as a result of drift effects, that 
the overall behavior of the modulation in the heliosphere could be substantially 
different in succeeding solar cycles. 
Convection: The third physical effect that is important for modulation, and 
probably the simplest, is convection. The speeds of the waves which scatter 
the particles and cause them to diffuse are very much less tharv the solar wind 
speed. The waves are thus convected outward with the solar wind, and in turn 
tend to convect the cosmic rays out of the heliosphere. 
Energy change: Another effect of importance for the modulation problem is 
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particle energy change. The magnetic-field irregularities which scatter the par-
ticles are being convected outward with the solar wind, and thus are moving. 
The particles, then, are interacting with moving irregularities, and they suffer 
energy changes in the process. 
This energy-change process is one of the more subtle effects in modulation 
theory because we can think of it in two seemingly contradictory ways [Fisk, 
1980]. The cosmic rays, as far as the solar wind is concerned, are a highly mo-
bile gas which exerts a pressure. And since there are more cosmic rays in the 
interstellar medium than in the inner heliosphere, this pressure has a positive 
gradient. The solar wind, then, which blows outward, does work against this 
pressure gradient and imparts energy to the cosmic rays. However, as far as the 
cosmic rays are concerned, they find themselves in an expanding medium. The 
solar wind blows radially from the Sun, and thus diverges or expands as it goes 
outward. The cosmic rays, which are rattling around in the wind, will expand 
along with it, and they are adiabatically cooled [Parker, 1965]. 
In short cosmic rays enter the heliosphere due to random motions, and dif-
fuse inward toward the Sun, gyrating around the interplanetary magnetic field 
and scattering at irregularities in the field. They will also experience curvature 
drifts [Isenberg & Jokipii, 1979] and will be convected back toward the boundary 
by the solar wind and lose energy through adiabatic cooling, although the latter 
process is only important below a few GeV and does not affect ground-based 
observations. The combined effect of these processes is the modulation of the 
cosmic ray distribution in the heliosphere [Forman & Gleeson, 1975]. 
The discovery of cosmic rays by Victor Hess, in 1912 took place in a historic 
balloon flight. Subsequently Scott E. Forbush identified three time-varying fea-
tures of cosmic ray intensity: the solar flare effect, the Forbush decrease and 
the long-term variation of cosmic ray intensity, negatively correlated with so-
lar activity as represented by sunspot numbers. All these significant variations 
alongwith the daily variation of cosmic ray intensity have clearly demonstrated 
the solar control of the interplanetary electromagnetic state through the flowing 
solar wind plasma with the embedded solar magnetic field. 
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The cosmic ray modulation has been known to have various time scales. The 
11-year modulation corresponds to the solar activity cycle, the 27-day recurrent 
modulation reflects the solar rotations and the 1-day anisotropy is related to the 
Earth's rotation. A Forbush decreases is a short-term modulation that results 
from the transient solar activity. Though the time scales of various modulation 
effects differ from each other, the basic process must be common, i.e. interaction 
between the cosmic ray particles and IMF irregularities. Thus investigation of 
one effect (e.g. Forbush decrease) would also lead to understanding of modula-
tions with other time scales [Kadokura & Nishida, 1986]. 
Galactic cosmic ray particles which enter the heliosphere are affected by the 
large-scale IMF and its small-scale irregularities whose scale sizes are compara-
ble to their Larmor radius and their motions are like a random walk. Intensity 
of cosmic rays are modulated by the condition of the interplanetary medium. 
Conversely, the understanding to the modulation process can be used for di-
agonising the interplanetary condition through the observation of cosmic rays 
[Storini, 1990]. 
Cosmic ray intensity variations over different time scale, the modulation of 
cosmic rays by evolving solar activity and the role of the electromagnetic state 
of the heliosphere can now be investigated as never before; these studies con-
tribute immediately to our knowledge of the Sun and its neighborhood. 
The direct or indirect role of Forbush decrease in long-term modulation, the 
specific feature of interplanetary ejecta playing a major role and physical process 
mainly responsible for it, role of CMEs and their interplanetary manifestations, 
as well as coronal holes, contribution of gradient and curvature drifts during the 
decrease and recovery phases are yet to be fully understood. 
Cosmic ray intensity variations in different magnetic conditions is of interest. 
As cosmic rays respond to both local and large-scale solar wind structures in 
the heliosphere and, consequently, they are significantly affected by the inter-
planetary structure. Thus cosmic ray variation studies provide a valuable probe 
for both local and large-scale solar wind structure in the heliosphere. Thus, 
the subject of cosmic rays in the heliosphere brings together several areas of 
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active research like solar wind, structure of the IMF, variation of cosmic rays 
over short and long-term time scales, solar-terrestrial interactions etc. 
1.4 Transient and corotating decreases in cos-
mic rays 
Decreases in the cosmic ray count rate which last typically for about a week, 
were first observed by Forbush [1937] using ionization chambers. It was the early 
1950s work of Simpson using neutron monitors [Simpson, 1954] which showed 
that the origin of these decreases was in the interplanetary medium. 
There are two basic types of decreases. 'Non-recurrent decreases', also called 
Forbush decreases, are caused by transient interplanetary events which are re-
lated to mass ejections from the Sun. They have a sudden onset, reach maximum 
depression within about a day and have a more gradual recovery typically last-
ing several days. 'Recurrent decreases', also called corotating decreases, have 
a more gradual onset, are more symmetric in profile [Lockwood, 1971]. Since 
their discovery [Forbush, 1937, 1938], Forbush decreases (Fds) have been exten-
sively studied and many features have been clarified. A fundamental problem 
of cosmic ray studied has been to identify the flow configuration and mech-
anism responsible for Fds. Various configurations of solar activity [e.g. see 
Burlaga, 1983; Lockwood, 1971; lucci et ai, 1989; Venkatesan & Badruddin, 
1990; Badruddin, 2000; Cane, 2000] and physical phenomena [see Barouch & 
Burlaga, 1975; Nishida, 1982; Potgieter & Le Roux, 1990; Badruddin, 2002a] 
responsible for producing the decreases have been suggested. However, a quan-
titative three-dimensional model of Fd needs to be developed that is uniformly 
applicable to any part of the heliosphere. It is necessary to explore and identify 
the configuration and fundamental physical processes responsible for producing 
Fds. 
Among the theoretical investigations of Fds, Nishida [1982], Chih k Lee 
[1986], for example, provide solution to the simple convection-diffusion equa-
tion. For earlier eflrorts in this directions see reviews Lockwood [1971], Rao 
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[1972], Venkatesan & Badruddin [1990]. The idea of a propagating diffusive 
barrier has been explored by Wibbrenz et al. [1997], see also Wibbrenz et al. 
[1998]. In that work the barrier is assumed responsible for the shock effect and 
has been applied to data where the ejecta effect has been removed. Since mass 
ejections have also been proposed to play a major role in long-term modulation, 
the study of Fds is nevertheless important in order to understand which physi-
cal processes are most important for particle transport. 
Early theoretical work on Fds suggested various mechanisms to explain this 
phenomenon and had established in the process all the important mechanism of 
cosmic ray modulation. Morrison [1956], for example, was the first to suggest 
that Fds could be caused by turbulent magnetic 'clouds' ejected from the solar 
active regions. Singer [1958] and Laster et al. [1962] proposed cosmic rays tem-
porarily trapped in an expanding turbulent magnetic cloud being adiabatically 
cooled. Parker [1963] showed that the ambient interplanetary magnetic field 
would be compressed and distorted by a shock wave, forming a shell of intense 
magnetic fields which could act as a shield against incoming cosmic rays. In this 
blast wave model he also considered the additional effects of diffusion and large-
scale gradient drifts. All these and other mechanisms were later combined by 
Parker [1965] in the well known fundamental transport equation of cosmic rays 
in the heliosphere. Later the continued coverage of the solar wind properties 
and cosmic ray intensities at various positions in or near the equatorial plane 
has, however, led to renewed interest in finding the dominating mechanism of 
Fds amongst the existing ones. 
Nishida [1982], solved the one-dimensional (ID), time-dependent, diffusion-
convection equation numerically in spherical coordinates neglecting adiabatic 
cooling. In his model the Fd was caused by a region of enhanced scattering and 
convection behind an interplanetary propagating shock wave. The enhanced 
scattering was found more effective than the enhanced convection in causing 
the Fd. The magnitude of the Fd was found to be determined by the value of 
the diffusion coefficient just in front of the propagating disturbance. An increase 
in the positive radial dependence of the diffusion coefficient resulted in an in-
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crease in the rate at which the magnitude of the Fd decreased with the outward 
propagating disturbed region, and a consequent increase in the recovery rate 
of the Fd at 1 AU. On the analytical side, Chih & Lee [1986] solved the time 
dependent, diffusion-convection equation under the assumption of small tempo-
ral variations in the modulation parameters and the cosmic ray intensity, and 
neglecting particle energy changes as well as drift transport. They considered 
the temporal variation of only the diffusion coefficient when the interplanetary 
disturbance passed the observer. Despite the relative simplicity of the model 
their work on the magnitude and recovery of Fd's has been valuable in providing 
a first order test for the more complex numerical models and giving insights not 
so easily obtained with numerical work. Perko [1987], using a complete ID time-
dependent model but with a radially independent difltusion coefficient, briefly 
discussed the recovery rate of a Fd at Earth. He pointed out that a weakening 
of the propagating disturbance was not necessary for an immediate recovery to 
follow the decreased intensity as for a typical Fd at Earth. This was contrary 
to the findings of both Chih & Lee [1986] and Lockwood et al. [1986] who used 
a weakening disturbance in their models to simulate a realistic Fd at Earth. In 
a totally different approach Thomas &; Gall [1984] used Monte Carlo technique 
to study Fds. In their model the solar-flare induced travelling shock wave dis-
turbance was represented by a region of enhanced magnetic field strength with 
a longitudinal as well as a radial extent. They found that the magnitude of 
the Fd diminished with an increase in the diffusion mean free path as well as 
a decrease in the longitudinal dimension of the shock wave. The recovery time 
of the simulated Fd was not strongly dependent on the mean free path, but 
depended largely on the geometry of the shock wave, because the recovery time 
became significantly longer when the longitudinal dimension of the disturbance 
was increased. They also concluded that the prolonged containment of cosmic-
ray particles in the region between the flare shock wave and the Sun, leading to 
additional adiabatic cooling, is the principal mechanism in causing Fd. 
Kadokura & Nishida [1986] numerically solved the two dimensional (2D) 
time dependent transport equation, with drift included, using a flat heliospheric 
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current sheet. Their model of radially propagating interplanetary disturbances 
were associated with enhanced convection, enhanced scattering (enhanced vari-
ability in the IMF behind the shock front) as well as the enhancement of the 
magnitude of the IMF (the result of a kink in the field at the shock front). The 
dominating mechanism causing the Fd was found to be the increase in the IMF 
during the passage of the disturbance. The inclusion of drift allowed them to 
make predictions about the effect of the IMF's polarity change on the magni-
tude and the recovery time of Fds, near the Earth. In particular the calculated 
recovery times of Fds at Earth were longer during the epoch when the north-
ern hemisphere interplanetary magnetic field pointed toward the Sun (A < 0) 
than during the epoch when the northern hemisphere IMF pointed away from 
the Sun (A > 0). However, experimental evidences of solar polarity effects on 
characteristics of Fds are not conclusive enough [e.g. see Lockwood et al., 1986; 
Mulder k, Moraal, 1986; Morishita et al, 1990; Rana et al, 1996; see review by 
Cane, 2000]. Lockwood et al [1986], also using a 2D time-dependent numerical 
model with drift and a flat neutral sheet, commented briefly on the eflPect of the 
polarity change of the IMF on the recovery of a Fd at 1 AU and reported only a 
minor change in the recovery time when the polarity of the IMF was reversed. 
In their model, however, the propagating disturbance decayed as exp"'"/^, with 
r in AU, so that the reason for this minor change was that the recovery of the 
Fd depended primarily on the decay of the disturbance and only secondarily on 
the transport parameters of the disturbance. 
Le Roux k Potgieter [1991] developed a 2D time-dependent modulation 
model based on the numerical solution of the transport equation with the effects 
of a simulated wavy neutral sheet incorporated. The simulation of Fd's with an 
axially-symmetric drift model was then done with a 2D model which includes 
gradient and curvature drifts as well as a simulated wavy current sheet. Their 
model calculations show that there is a marked change in recovery time when 
the polarity of the IMF is reversed - it change from ~ 3.8 day when A > 0 to 
~ 10.6 day when A < 0, the non-drift result lies in between with a recovery 
time of ~ 4.6 day. These tendencies agree with results of Kadokura & Nishida 
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[1986]. An other prediction of this model is that precursors should occur more 
frequently during A < 0 epochs because of the peculiar drift velocity field in 
conjunction with diffusion during those periods. 
The results can easily be explained by considering the direction of particle 
drift in the heliosphere. During an A > 0 epoch positive particles drift from high 
heliospheric latitudes down towards the equatorial plane and outward along the 
the neutral sheet. Drift and diffusion are then complementing each other at 
higher latitudes, while in the equatorial regions drift and the radially inward 
directed diffusion are in opposition. Under these circumstances the cavity left 
behind by the propagating disturbance in the equatorial regions will be filled 
at a more rapid rate when A > 0 than with drift neglected. Neutral sheet drift 
and radial diffusion are complementing each other in the equatorial regions, 
when A > 0, but the particles also drift away from the equatorial plane so that 
the filling in of the cavity by particles scattering through the disturbance and 
latitudinally around is less effective than when they drift downwards from the 
polar regions. The recovery rate with A < 0 is consequently slower than in the 
non-drift case, and even more so when A > 0. The response of the magnitude 
of the Fd to the polarity change of the IMF is however small, illustrating that 
drift has an almost negligible effect on the magnitude of Fd at Earth [Le Roux 
k Potgieter, 1991]. 
Although idea of Fds caused by enhanced scattering in distorted magnetic 
fields in the vicinity of shock has been invoked in models [e.g. Nishida, 1982; 
Lockwood et al, 1986; Chih fe Lee, 1986], the experimental evidence is not con-
clusive. On the one hand there are those who favour enhanced scattering [e.g. 
Badruddin et al., 1986; Zhang & Burlaga, 1988; Lockwood et ai, 1991], while 
others [e.g. Sarris et al., 1989; Cheng et al., 1990] argue for drift caused by gra-
dient in the relatively large-scale fields of propagating solar wind disturbances 
as driving mechanism of Fds. 
At 1 AU, temporal variations in cosmic ray intensity on the time scale of the 
order of days are related to the passage of corotating stream and transient flows 
[e.g. see reviewers by Lockwood, 1971; Rao, 1972; Burlaga, 1983; Venkatesan & 
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Badruddin, 1990; Cane, 2000; Richardson, 2004]. For both types of flows the 
correlation between cosmic ray count rate and strength of the magnetic field 
is reported to be strong; intensity decreases when the region of enhanced mag-
netic field moves past the detector [Barouch k Burlaga, 1975; Duggal et al, 
1983; Burlaga et al., 1985]. Region of enhanced magnetic field were classified as 
[Burlaga & King, 1979] corotating interaction (which occur ahead of corotating 
streams), post-shock flows (including both sheath flows and ejecta) and cold 
magnetic enhancements (which include magnetic clouds). The largest decreases 
in cosmic ray intensity, Forbush decreases, are usually associated with shock 
and post-shock flows. Long-lasting Forbush decreases are sometimes observed 
at 1 AU [Lockwood, 1971], and these are related to the passage of a series of 
shock-associated transient flows [Barouch & Burlaga, 1975]. 
The effect of gradient and curvature drifts on Fds has been studied by some 
authors [e.g. Lockwood et al., 1986; Mulder k Moraal, 1986; Rana et al, 1996]. 
It is difficult to establish quantitatively the role of gradient and curvature drifts 
on Fd profile because various solar activity parameters, such as CMEs, CIRs, 
current sheet tilt are supposed to play their role in cosmic ray modulation. Some 
of them may occur simultaneously. Moreover, the operation of various mech-
anism such as convection, diffusion, dynamic sweeping of cosmic ray particles 
out of the inner heliosphere by moving compression wave and adiabatic cooling 
of cosmic ray particles further complicate the problem. However, the difference 
in the morphology of average Fd profile during two periods of opposite solar 
magnetic field polarities may qualitatively be explained on the basis of drift 
theory [Rana et al, 1996]. 
Coronal mass ejections (CMEs) are plasma eruptions from the solar at-
mosphere involving previously closed field regions which are expelled into the 
interplanetary medium. Such regions, and the shocks which they may generate, 
have pronounced eff"ects on cosmic ray densities [Cane, 2000]. In general, these 
decreases were earlier attributed to solar flares [e.g. Lockwood, 1971; lucci et 
al, 1979]. However, Duggal & Pomerantz [1977] suggested that the majority of 
cosmic ray decreases cannot be uniquely assigned to specific solar flares. Kane 
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[1977] and Kudela & Brenkus [2004] have shown that Fds and major geomag-
netic storms are well associated as noted first by Forbtish [1938]. It is now 
known that largest geomagnetic storms are caused by CMEs and associated 
shocks [Gosling, 1993]. 
CME-related cosmic ray decreases are of three basic types; those caused by 
a shock and ejecta, those caused by a shock only and those caused by an ejecta 
only. The majority (> 80%) of short-term decreases greater than 4% are of the 
two step (shock plus ejecta) type [Cane et ai, 1996]. Only very energetic CMEs 
create shocks which are strong enough on their flanks to cause significant cosmic 
ray decreases for observers who detect the shocks beyond the azimuthal extent 
of the 'driver' CMEs (i.e. shock-only decreases). In such cases the shocks also 
generate major solar energetic particle increases with profiles characteristic of 
events originating far from central meridian [Cane et al., 1988]. The energetic 
particles allow one to be sure that the cosmic ray decrease was caused by a 
CME-driven shock intercepted on its flank and not by a co-rotating stream. 
The largest Fds have magnitudes in the range 10-25% for neutron monitors. 
Because of anisotropics present in neutron monitor data, the size reported for 
an Fd will vary from one station to another. At the lower rigidities accessible 
via spacecraft observations, Fds are larger. Lockwood et al. [1986] and Cane et 
al. [1993] found that the ratio of the magnitudes of decreases as seen by IMP 8 
(median rigidity of ~ 2 GV) relative to Mt. Wellington/Mt. Washington was 
typically about 2. 
The rigidity (P) dependence of the amplitude of Fds approximately equal to 
P~'^ [Lockwood, 1971; Venkatesan et al., 1982]. A number of researchers have 
examined whether the rigidity dependence of Fds varies with the Sun's polarity 
and most evidences are against a dependence on polarity [see, e.g. Morishita et 
ai, 1990 and reference therein]. 
Many Fds show a precursory increase. Such an increase can result from 
reflection of particles from the shock or acceleration at the shock. Few neutron 
monitor researchers seem to consider the latter as likely even for very large ener-
getic shocks despite the fact that at the energies accessible from spacecraft there 
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appears to be a continuum from low to high energies of the shock accelerated 
population. Two events in which this was the case are the August 1972 and 
October 20 1989 shocks [Cane, 2000]. A detailed study of August 1972 event 
was done by Agrawal et al. [1974] and later on by many others. 
In isolated single Fds the recovery can be described exponential with an av-
erage recovery time of ~ 5 days but ranging from ~ 3 to ~ 10 days [Lockwood et 
al., 1986]. The recovery time is dependent on the longitude of the solar source 
region [Bamden, 1973; lucci et al., 1979; Cane et al., 1994]. Lockwood et al. 
[1986] found that the recovery time was independent of rigidity in the range 
~ 2 to ~ 5 GV and with no dependence on solar polarity or time of the solar 
cycle. In contrast Mulder & Moraal [1986], Rana et al. [1996] found that the 
recoveries were longer for the A < 0 epoch in the 1960s compared with the A 
> 0 epoch in the 1970s. 
Difficulties arise when one wants to order the results in terms of a unique 
model which is based either on ordered or on disordered electromagnetic field 
structures in the Sun-Earth region [e.g. see Lockwood, 1971; Wibbrenz et al, 
1998]. This difficulty can be overcome when it is realized that Forbush decrease 
in the vicinity of 1 AU generally consist of two components or steps [Bamden, 
1973; Flueckiger, 1985; Sanderson et al., 1990; Cane et al., 1994]. Observa-
tionally the first step is related to the shock arrival at the Earth. The second 
step is connected to the entry of the observer into a region of enhanced field 
magnitude and a loop-like field configuration. lucci et al. [1986] discussed the 
different longitudinal variations of the two-step and correlation of their ampli-
tude with interplanetary parameters. The relation between cosmic ray decreases 
and various types of interplanetary disturbances have partly led to conflicting re-
sults. Badruddin et al. [1986], Zhang k Burlaga [1988], Lockwood et al. [1991] 
discussed Forbush decreases associated with shocks and magnetic clouds and 
concluded that magnetic clouds are not very effective in producing the maxi-
mum depression of a Forbush decrease. However. Ananth & Venkatesan [1993] 
and Sanderson et al. [1990] found that the maximum depression observed in 
many cases only after the arrival of magnetic clouds. 
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When one wants to compare observations of Forbush effects with model pre-
dictions it is important to separate clearly the two steps, because their depen-
dence on energy, time and spacial positions of the observer is different [ Wibbrenz 
et ai, 1998]. 
For shock related transients, the following effects can occur right behind the 
shock front: (a) enhanced solar wind speed (leading to increased convection and 
adiabatic cooling), (b) variation in magnetic field topology (leading to changes 
in the efficiency of radial diffusion), (c) enhanced magnetic field magnitude 
(leading to reduced drift) and (d) enhanced turbulence (leading to a decrease 
in parallel diffusion coefficient). 
The study of cosmic ray decreases hsis assumed a rather significant impor-
tance in determining interplanetary field and flow configurations. Further it 
has been found that decreases are mostly caused by interplanetary transients 
and corotating high-speed streams from the Sun [Burlaga, 1983; lucci et ai, 
1979]. A major problem has been identification of field and flow configuration 
and physical mechanisms causing cosmic ray modulation. 
The identification of interplanetary shock associated magnetic clouds [Burlaga 
et ai, 1981; Klein & Burlaga, 1982] have provided a new tool for investigat-
ing the physical process responsible for cosmic ray decreases [Badruddin et ai, 
1986; Ananth & Venkatesan, 1993]. Using the superposed epoch analysis for 
a number of events Badruddin et al. [1986, 1991], Zhang & Burlaga [1988] 
have demonstrated that the decreases are essentially produced by the turbu-
lent sheath between interplanetary shock and magnetic cloud. It has also been 
shown that post-shock turbulent region is more effective in producing the main 
phase of cosmic ray decreases than an enhanced, ordered field [Nishida, 1982; 
Chih & Lee, 1986; Webb & Wright, 1990]. Lockwood et al. [1991] by considering 
only Fds associated with shock and magnetic clouds, arrived at a conclusion 
that magnetic clouds are not very effective in producing the main phase of Fd. 
Sanderson et al. [1990] have shown that cosmic ray decreases are also produced 
by magnetic clouds. They have suggested that post-shock regions, tangential 
discontinuities and magnetic clouds are equally effective in producing cosmic 
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ray decreases. Kahler & Reames [1991] considering magnetic field of different 
topology, have suggested that cosmic ray decreases could also be produced by 
the passage of magnetic clouds with open field configurations. 
Recurrent (~ 27 days) high speed solar wind streams were originally invoked 
by Neugebauer &: Snyder [1966] to account for the geomagnetic storms, how-
ever, only during the skylab period (1973-74) that observation confirmed the 
streams. Vershell et al. [1975] observed another class of transient decreases be-
sides classical Forbush decreases, which are more symmetric in its time history; 
these were attributed to a quasi-stationary corotating spacial structure, loosely 
associated with an active region. 
During epochs of the high-speed streams presumably associated with the 
coronal holes, the cosmic rays intensity has been observed to be reduced, fol-
lowing the time profile of the solar wind; a suggestion has been made linking 
speed itself with the cosmic ray variations [lucci et al, 1979; Venkatesan et 
al., 1982]. However, Barouch k Burlaga [1975] suggested that the drifts asso-
ciated with gradients in magnetic field may be responsible for these corotating 
decreases, based on a correlation between corotating decreases and corotating 
enhancements of interplanetary magnetic field. 
Recurrent cosmic ray modulation due to CIRs and high speed streams have 
been studied using ground based neutron monitors and spacecraft data. How-
ever, such depressions in cosmic ray intensity have been associated with en-
hanced convection by high speed solar wind [Newkirk & Fisk, 1985; Badruddin 
& Yadav, 1985; lucci et al., 1979; Richardson et al, 1996], diffusion in en-
hanced/compressed field region [Burlaga et al, 1984; Kota k Jokipii, 1991] 
and/or particle drifts in large scale heliospheric magnetic field [Kota & Jokipii, 
1991; 2001; Burger k Hitge, 2004]. 
Thus, it appears from above mentioned earlier studies, analyses, results k 
models that the whole area of short-term decreases in cosmic ray intensity, both 
transient and corotating, is complex and needs further studies. 
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1.5 Present work 
As discussed above, Chapter 1, gives an overview of the solar wind, the heUo-
sphere, large-scale structures in the interplanetary medium relevant for modula-
tion studies. A brief description of basic idea of galactic cosmic ray modulation 
in the heliosphere is also given. We also discuss the results of earlier studies on 
transient and corotating derceases in cosmic ray intensity. 
In Chapter 2, detail study of transient modulation due to magnetic clouds 
and associated features has been described. Depending on their associated fea-
tures, a set of observed magnetic clouds identified at 1 AU were grouped in four 
different classes using data over four decades; (i) interplanetary magnetic clouds 
moving with the ambient solar wind, (ii) magnetic clouds moving faster than the 
ambient solar wind and forming a shock/sheath structure of compressed plasma 
and field ahead of it, (iii) magnetic clouds 'pushed' by the high speed streams 
from behind, forming an interaction region between the two, and (iv) shock-
associated magnetic clouds followed by high speed streams. This classification 
into different groups led to the study the role, effect, and the relative impor-
tance of (a) closed field magnetic cloud structure with low field variance, (b) 
interplanetary shock and magnetically turbulent sheath region, (c) interaction 
region with large field variance, and (d) the high speed solar wind stream com-
ing from the open field regions, in modulating the galactic cosmic rays (OCRs). 
Simultaneous variations of GCR intensity, solar plasma velocity, interplanetary 
magnetic field strength, and its variance enables study the relative effectiveness 
of different structures as well as interplanetary plasma/field parameters. Possi-
ble role of the magnetic field, its topology, field turbulence and the high-speed 
streams in influencing the amplitude and time profile of resulting decreases in 
GCR intensity have also been discussed. This work has been published in Jour-
nal of Geophysical Research. 
In Chapter 3, we discuss our analysis and results obtained about the average 
characteristics of Forbush decreases observed during different polarity states of 
the heliosphere obtained by superposed epoch analysis for the periods 1961-
1969 (A > 0), 1971-1979 (A < 0), 1981- 1989 (A > 0) and 1991-1999 (A < 0). 
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Hourly count rate of neutron monitors of different cut off rigidities, have been 
utilized. The analysis has been done separately for Fds observed during sixties, 
seventies, eighties and nineties. The results are compared with model predic-
tions including drifts. The rigidity spectrum of Fds during different polarity 
conditions of Heliospheric Magnetic Field (HMF) has been studied. This work 
has been published in Solar Physics. 
Chapter 4, describes a study of the solar magnetic cycle dependence of cos-
mic ray depressions due to corotating high speed solar wind streams (CSWS) 
during different polarity states of the heliosphere. The daily averaged cosmic 
ray intensity data from Climax, Oulu and Thule neutron monitors together 
with simultaneous solar wind plasma and field data were subjected to super-
posed epoch analysis with respect to CSWS start time. These analyses were 
carried out separately in different polarity states of the heliosphere A < 0 and 
A > 0 during solar minimum as well as during the periods of variable solar 
activity. Further, the relationship between cosmic ray intensity and solar wind 
parameters (velocity, IMF strength and its variance) during CSWS during A > 
0 and A < 0 has been studied. These results are discussed in the light of exist-
ing models of galactic cosmic ray modulation. This work has been published in 
Journal of Geophysical Research. 
Finally, we have summarized our results in Chapter 5. 
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Chapter 2 
Short-term modulation of cosmic 
ray intensity asociated with 
transient eruptions from the Sun 
2.1 Introduction 
Magnetic clouds were first identified by Burlaga and coworkers [Burlaga et ai, 
1981; Klein & Burlaga, 1982] in the interplanetary space near 1 AU. These struc-
tures are the interplanetary manifestations of coronal mass ejections [Burlaga 
et a/., 1982; Wilson & Hildner, 1984; Gopalswamy et a/., 2001; Manoharan at 
el., 2004; Gopalswamy, 2004]. A magnetic cloud is a solar ejection in which (i) 
the magnetic field strength is enhanced with respect to ambient value, (ii) the 
magnetic field vector undergoes a large rotation, and (iii) the proton temper-
ature is lower than average. The magnetic field is usually southward during 
passage of at least one part of magnetic cloud and northward during the pas-
sage of other part. If the leading part is southward, we refer it SN cloud. 
It is also possible that the leading part of the magnetic cloud is northward 
and the trailing part is southward, such cloud is termed as NS cloud [see also, 
Zhang at el., 2004]. A magnetic cloud may follow a shock/sheath region when 
moving faster than the ambient solar wind. It may precede an interaction re-
gion and high speed solar wind stream when a slow moving magnetic cloud is 
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'pushed' by the high speed stream. It is also possible that a magnetic cloud 
is moving in the ambient solar wind without any additional (associated) struc-
ture, such as shock/sheath/interaction region/high-speed stream. More details 
about sources, properties and modeling of interplanetary magnetic clouds can 
be found in Burlaga [1991]; Bothmerk Schwenn [1997]; Lepping & Berdichevsky 
[2000]; Hidalgo [2003]; Zhang et al. [2004]; Lepping et al. [2006]. 
Magnetic clouds and associated structures at 1 AU are found to be associated 
with the Forbush decrease in cosmic ray intensity [Badruddin et al., 1985, 1986, 
1991; Zhang k Burlaga, 1988; lucci et al., 1989; Sanderson et al., 1991; Lepping 
et al., 1991; Lockwood et al., 1991; Venkatesan & Badruddin, 1990; Ananth k. 
Venkatesan, 1993; Cane, 1993; Bavassano et al., 1994; Badruddin, 2002a; Ifedili, 
2004]. However, conclusions are conflicting as regards the phenomena responsi-
ble for the decrease. Some attribute it to the turbulent magnetic fields in the 
sheath region [e.g. Badruddin et al., 1985, 1986, 1991; Zhang k Burlaga, 1988; 
Lockwood et al, 1991; Lepping et al, 1991; Bavassano et al, 1994; Badruddin, 
2002b]. On the other hand, Sanderson et al. [1990, 1991] observed that the 
turbulence in the post shock region is not always sufficient to produce a For-
bush decrease. Lockwood et al. [1991] concluded that the role of the magnetic 
clouds in producing Forbush decreases are relatively unimportant, while Cane 
[1993] reached at the conclusion that the magnetic clouds do play a role in the 
depression of cosmic rays. Cane [1993] showed that the field strength is directly 
associated with a decreased amplitude [see also, Duggal et al., 1981] irrespective 
of the magnetic field being magnetically quiet or turbulent, provided the field 
strength exceeds certain value. On the other hand, Badruddin et al. [1986, 1991] 
concluded that magnetic field strength or the topology alone is not responsible 
for Forbush decreases but turbulence is the most likely additional effect. 
As regards the mechanism mainly responsible for Forbush decreases, earlier 
studies suggested scattering in turbulent magnetic fields [Badruddin et al., 1986; 
Zhang k Burlaga, 1988; Lockwood et al., 1991], drifts in smooth and high field 
region [Barouch k Burlaga, 1975; Sanderson et ai, 1990; Sarris et al, 1989; 
Cheng et ai, 1990], particle scattering by the magnetically turbulent sheath and 
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the high magnetic pressure in magnetic clouds [Ifedili, 2004]. Thus the whole 
area appears to be complex and needs further study. 
Magnetic cloud structures are usually very large magnetic flux ropes (~ 0.25 
AU diameter at 1 AU) possessing intense and quiet magnetic fields. Inside the 
magnetic cloud, plasma /3 and proton temperature is low. Most of the identi-
fied magnetic clouds, and discussed in literature, have bipolar Bz (NS and SN); 
however a few unipolar (S and N) magnetic clouds have also been identified [e.g. 
Zhang et al., 2004]. 
A shock front, and a sheath region of intense and compressed magnetic field, 
may form in the interplanetary space ahead of a fast moving magnetic cloud. 
Thus passage of such structures provide unique opportunity to study the eflFects 
of (a) abrupt changes in solar wind plasma and field parameters (at shock front), 
(b) intense and turbulent magnetic fields (during the passage of sheath), and 
(c) intense and quiet magnetic fields (during the passage of magnetic clouds), 
one after the other. Magnetic clouds followed by interaction regions enable 
us to study the effects of plasma compression and magnetic field fluctuations 
(in interaction regions) and high-speed solar-wind streams (from open field re-
gions of coronal holes), in addition to that of intense and closed-field of flux 
(of magnetic clouds). Magnetic clouds moving nearly with the ambient solar 
wind, without any additional associated structure, are exclusively suitable for 
study of the eflFects of magnetic field strength and its topology on the cosmic 
ray density. Thus, interplanetary magnetic clouds, with a number of distinct 
features provide a special and unique opportunity to study the role, and relative 
importance of, various structures with distinct plasma and field properties. Fur-
ther, such studies are useful for identifying the physical processes, responsible 
for Forbush decreases and other transient variations in cosmic ray intensity, e.g. 
particle reflection (at shock front), deflection of particles (by flux rope topology 
of magnetic clouds), diffusion/scattering of particles (by intense and turbulent 
fields in sheath and interaction region), convection of particles (by high speed 
streams) etc. 
A set of 149 well observed NS and SN magnetic clouds with good data cov-
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erage, identified in interplanetary plasma and field data at 1 AU, have been 
selected on the basis of catalogues found in literature within the period 1967-
2003 [e.g., Klein &; Burlaga, 1982; Wilson & Hildner, 1984; Zhang k Burlaga, 
1988; Lepping et ai, 1990; Gopalswamy et ai, 1991; Zhang et ai, 2004; Gulisano 
et ai, 2005; Nieves-Chinchilla et ai, 2005]. These clouds were divided into dif-
ferent groups on the basis of their association with other structures formed in 
the interplanetary space. Superposed epoch analysis of hourly cosmic ray neu-
tron monitor data, and interplanetary plasma and field data is then performed, 
separately, with respect to each category of magnetic clouds. In the superposed 
epoch analyses performed, the reference time (zero epoch) is systematically 
changed, in order to study (decipher) the effectiveness and relative importance 
of various structures (shock/sheath, magnetic cloud, interaction region and high 
speed stream) of distinct plasma and field properties. 
2.2 Results 
2.2.1 Magnetic clouds associated/not-associated with shocks 
In order to distinguish between the CR-effectiveness of shock-associated mag-
netic clouds and those without a shock, a set of the interplanetary magnetic 
clouds (MCs) were divided into two groups depending on their association with 
a shock or not. Taking start time of the magnetic clouds as epoch (zero hour), 
superposed analysis of hourly cosmic ray data I (%), solar wind plasma and field 
data (solar wind velocity V (km/s), IMF strength B (nT) and its variance ag 
(nT)) has been performed with respect to start time of two groups of magnetic 
clouds. The superposed variations of cosmic ray intensity and interplanetary 
plasma and field parameters during, before and after the passage of (a) shock-
associated MCs and (b) MCs not associated with shocks are shown, respectively, 
in the Figures 2.1 and 2.2 respectively. From these figures, it appears that the 
shock-associated MCs produce Forbush-type decrease (a fast decrease followed 
by a slow recovery), as shown at a low cut-off rigidity Oulu neutron monitor 
(Re = 0.61 GV) and a higher cut-off rigidity (Re = 2.97 GV) neutron monitor 
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of Climax. It is also seen from these figures that the decrease in CR intensity 
starts not at the arrival of the magnetic clouds (zero hour) but a few hours ear-
lier. The onset of intensity decrease appears to coincide with the enhancements 
in interplanetary plasma and field parameters V, B and aB- On the other hand, 
as seen from Figure 2.2, decrease due to magnetic clouds not associated with 
shocks is very small; the effects more clearly seen at lower energies. In this case, 
V and aB are low during, and before, the passage of magnetic clouds; however, 
B is enhanced during the magnetic cloud. Continued depression in intensity 
seen in this figure, even after the passage of MC is probably due to formation 
of interaction region (as inferred from the enhanced aB) and presence of high 
speed stream (enhanced V) after the passage of magnetic clouds. 
2.2.2 Magnetic clouds with NS/SN field orientation 
As shown in Figures 2.1 and 2.2, there is large difference in CR-effectiveness 
of shock-associated MCs and MCs not associated with shocks. However, in a 
magnetic cloud the field vector may rotate either from northward-to-southward 
(NS-MCs) or from southward-to-northward (SN-MCs). To see if the change in 
field rotation within the magnetic clouds has any eff'ect on the transient mod-
ulation of cosmic rays, and to distinguish between the CR-effectiveness of NS 
and SN-MCs, if any, the shock-associated MCs were divided into two groups, 
namely (a) shock-associated NS-MCs and (b) shock-associated SN-MCs. Hourly 
cosmic ray, and interplanetary plasma/field data were then subjected to super-
posed epoch analysis with respect to start time (hour) of NS and SN magnetic 
clouds; the results are shown in Figures 2.3 and 2.4. It is seen from these fig-
ures, that the intensity starts decreasing before the arrival of magnetic clouds. 
However, there is near simultaneous increase in the interplanetary parameters 
V, B and aB, with the start of the intensity decrease in cosmic rays. In both the 
cases, there are fast decreases followed by slow recovery. But, the decrease am-
plitude as well as the recovery-time is diflPerent in two cases. However, whether 
this difference in the amplitude of decrease in two cases is due to magnetic 
field topology (NS/SN) or due to the difference in changes observed in various 
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Figure 2.1: Superposed epoch analysis results showing variations in cosmic ray 
intensity (I) observed at Oulu and Climax neutron monitor, solar wind veloc-
ity (V), interplanetary magnetic field (B) and its variance (CTB). Epoch (zero 
hour) corresponds to observed start (arrival) time of the shock-associated inter-
planetary magnetic clouds; it includes all MCs i.e. north-south (NS) as well as 
south-north turning (SN). 
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Figure 2.2: Same as Fig. 2.1, but epoch (zero hour)is the observed start (arrival) 
time of magnetic clouds not associated with shock. 
interplanetary parameters (V, B and as), could not be distinguished at this 
stage of analysis. Also, whether the difference in recovery time (and hence re-
covery rate) is due to difference in high speed streams following two types of 
MCs or due to magnetic field topology (NS/SN) within the magnetic clouds is 
not clear, although the enhancements in interplanetary plasma/field parameters 
(V, B and o-g) are larger during shock-associated SN-MCs than shock-associated 
NS-MCs. Moreover, which one (or more than one) parameter(s) out of V, B and 
(Tfi is (are) mainly responsible for larger amplitude of decreases due to shock-
associated SN-MCs is not known. Further, though it is clear from Figures 2.3 
and 2.4 that the decrease starts before the arrival of magnetic clouds, it is not 
possible to clearly say, from these figures, whether the decrease starts at the 
arrival of shock front or later during the passage of sheath regions, formed be-
tween the shock front and the magnetic cloud. 
In Figures 2.5 and 2.6, the superposed epoch analysis results of neutron 
monitor and interplanetary plasma/field data with respect to start time of NS-
and SN-MCs not associated with shocks are plotted. As seen from these fig-
ures, a small depressions in cosmic ray intensity results both due to NS and SN 
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Figure 2.3: Superposed epoch analysis results showing variations in cosmic ray 
intensity and various interplanetary plasma/field parameters. Epoch (zero hour) 
corresponds to observed start (arrival) time of north-south (NS) turning mag-
netic cloud. 
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Figure 2.4: Same as Fig. 2.3, but zero hour corresponds to the observed start 
time of south-north (SN) magnetic clouds associated with shock. 
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Figure 2.5: Results of the superposed epoch analysis showing variations in cos-
mic ray intensity, interplanetary plasma/field parameters; epoch in the analysis 
corresponds to start (arrival) time of NS-MCs, not associated with shock. 
magnetic clouds. The effect is more clearly seen at lower energies (Oulu NM) 
than at higher energies (Climax NM). It is also seen from these figures that the 
intensity remains depressed for several tens of hours even after the passage of 
MCs, probably due to the formation of interaction regions and presence of high 
speed streams following magnetic clouds. 
A comparison of Figures 2.3, 2.4 and 2.5, 2.6 shows that magnetically quiet 
high field structures of MCs are much less effective in transient modulation of 
cosmic ray intensity as compared to magnetically turbulent high field region 
of shock/sheath. These results concur with those of Badruddin et al. [1985, 
1986, 1991], Zhang k Burlaga [1988], Lockwood et al. [1991], Lepping et al. 
[1991] obtained with much smaller data sets. Further, both the interaction re-
gion (formed between a magnetic cloud and the following high speed stream) 
and the stream itself, are likely to keep the CR intensity depressed during their 
passage. 
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Figure 2.6: Same as Fig. 2.5, but zero hour corresponds to the observed start 
time of south-north (SN) magnetic clouds. 
2.2.3 Magnetic clouds followed/not-followed by high-speed 
streams 
From the results of the analyses presented in Figures 2.1, 2.2, 2.3, 2.4, 2.5. and 
2.6, the effects of shock-associated, NS turning and SN turning magnetic clouds 
on the transient modulation of cosmic rays have been discussed. However, mag-
netic clouds, whether shock-associated or not, may or may not be followed by 
the high speed streams and/or interaction regions and examples of each type 
have been given [Klein & Burlaga, 1982; see also, Badruddin, 1998]. To study 
the role of the interaction region and the high speed streams (HSS) in influ-
encing the amplitude and the recovery characteristics of resulting decreases in 
cosmic ray intensity, the NS/SN magnetic clouds have been divided on the basis 
whether they are followed by HSS or not. 
Figures 2.7 and 2.8 are the superposed epoch plot of cosmic ray intensity, 
solar wind plasma and field parameters (V, B and as) with respect to shock-
associated NS-MC, not followed by HSS and those followed by HSS respectively; 
zero epoch corresponds to start time of the magnetic cloud in these figures. It 
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Figure 2.8: Same as Fig. 2.7, but zero hour corresponds to the start time 
(arrival) of shock-associated NS-MCs followed by HSS. 
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may be mentioned here that shock-associated MCs followed by HSS have four 
regions of distinct plasma and field properties, one after the other, namely (i) 
the shock/sheath region (enhanced and compressed field region of ambient solar 
wind with large field variance), (ii) the magnetic cloud (enhanced, magnetically 
closed and quiet field region with low variance), (iii) the interaction region (com-
pressed thin region of enhanced field variance), and (iv) the HSS (an extended 
region with high speed solar wind presumably from open field region of coronal 
holes). On the other hand, shock-associated MCs without HSS have only two 
regions of distinct plasma/field properties i.e. shock/sheath and magnetic cloud. 
The intensity time profile due to shock associated NS-MCs, whether followed 
by HSS or not, shows that the Forbush-type decrease proceeds in two steps; 
the first step decrease of larger amplitude takes place before, and second step 
at the start time of magnetic clouds. Moreover, intensity remains depressed 
for few hours before recovery starts slowly. However, one major difference that 
is apparent in Figures 2.7 and 2.8 is that the cosmic ray intensity appears to 
recover at a faster rate in case of MCs not followed by HSS. In other words, 
HSS might be able to slow down the process of filling the lower density space 
created by the passing interplanetary disturbance. As shown in Figures 2.9 and 
2.10, this difference in recovery rate is also observed in case of shock associated 
SN-MCs i.e. the cosmic ray density appears to recover at a faster rate if it 
is not followed by HSS, in comparison to the case when HSS follow the shock 
associated SN-MCs. It is also interesting to note from Figures 2.9 and 2.10 that 
the enhancements in field strength (B), its variance (CTB) are nearly same in 
both the figures. 
Next, the combined data set of SN and NS magnetic cloud has been 
divided into two groups (i) those not-followed by HSS and (ii) those followed 
by HSS, with the aim of studying (and distinguishing, whenever possible) the 
effects of magnetic clouds, interaction regions and HSS on the amplitude and 
the time profile of cosmic ray intensity changes. Figures 2.11 and 2.12 show 
the average plot obtained by the superposed epoch analysis of neutron monitor 
data and solar wind plasma/field data with respect to magnetic clouds; zero 
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Figure 2.12: Same as Fig. 2.11, but followed by HSS, zero hour corresponds to 
the start time of magnetic cloud. 
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hour corresponds to the start time of magnetic clouds. Magnetic clouds, not 
followed by HSS, are able to produce only a small decrease; intensity recovers 
quickly after a few hours of depressed cosmic ray density (Figure 2.11). This 
effect of magnetic cloud on cosmic ray intensity modulation is more clearly seen 
in lower energy (Oulu NM) particles, ascribed to slow moving closed structure 
of magnetic cloud. On the other hand, intensity depression due to magnetic 
clouds followed by HSS, as seen in Figure 2.12 although not large as in case 
of shock-associated MCs, proceeds in two steps, first step at the arrival of the 
magnetic cloud and second step at the time of interaction region, followed by 
a prolonged depression probably due to the influence of high speed streams. 
Again, the effects are more clearly seen at lower energies (see the intensity time 
profile of Oulu and Climax neutron monitors for comparison). 
The analyses discussed so far were performed with respect to start time 
of magnetic clouds. These analyses were particularly useful in studying the 
role of closed field regions of low variance and enhanced field magnitude in the 
transient modulation of cosmic rays. In addition, the effects of interplanetary 
shock/sheath, interaction regions and HSS were also broadly visible to some 
extent. However, the effects of interaction regions and/or high speed streams 
following the magnetic clouds can be better understood if one analyzes the data 
with respect to end time of magnetic clouds. 
Figures 2.13 and 2.14 are shown the results of superposed epoch analysis of 
cosmic ray and solar wind data by taking end time of shock-associated NS-MCs 
as zero time (hour). Figure 2.13 shows the cosmic ray intensity, interplanetary 
plasma and field variations before and after the passage of shock-associated 
NS-MCs that are not followed by HSS, whereas Figure 2.14 shows the results 
of similar analysis performed by taking zero epoch as the end time of shock-
associated NS-MCs followed by HSS. As shown in Figure 2.14, although the 
intensity decrease started earlier, an additional step in intensity decrease is ev-
ident at zero hour, coincident with the sudden jump in GB followed by large 
enhancement in solar wind speed. The intensity remains depressed till, at least, 
speed reaches its maximum level, magnetic field remains enhanced and flue-
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Figure 2.13: Superposed epoch analysis results showing variations in cosmic 
ray intensity, solar wind velocity, interplanetary magnetic field and its variance; 
zero hour corresponds to end time (passage of rear part) of shock-associated 
NS-MCs not followed by HSS. 
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Figure 2.14: Same as Fig. 2.13, but zero hour corresponds to the end time of 
shock-associated NS-MCs followed by HSS. 
CHAPTER 2. SHORT-TERM ... TRANSIENT ERUPTIONS FROM SUN 4S 
CQ 
6 
r- I 
1 
j^ 12 
t 10 
8 
6 
4 
:«' 500 
E 
^ 450 
> 
400 
^ 91 
^ 90 
— 89 
88 
^ 90 
^ 89 
- 88 
87 
:'Xwvv^_A.^, 
•/w-^wAT 
,^\ 
v.. 
rx-'^V._ 
^'^V^r \ 
^j'K'xAn^'^ .>^ ' '"^ *^«'Ayy. ^  V V -
4 , , ^ 
- ^ - . y ^ -
\ 
" - v ^ . ...y^-^V--"^^. 
>^ 
.J^.-
Oulu NM 
"V A 
^ 1 , , h 
-75 75 150 
Hour 
Figure 2.15: Superposed epoch analysis results showing variations in I, V, B and 
aB, zero hour corresponds to end time (passage of rear part) of shock-associated 
SN-MCs not followed by HSS. 
tuating. Afterward, a slow recovery of intensity follows. On the other hand, 
Figure 2.13 shows the intensity time profile due to shock associated NS-MCs 
not followed by HSS, the recovery in this case starts just after the passage of 
high field regions of magnetic clouds. Another observable difference in intensity 
time profiles due to shock-associated NS-MCs (a) not followed and (b) followed 
by HSS is that intensity appears to recover at a faster rate in the absence of the 
high speed stream. 
Plots in Figures 2.15 and 2.16 due to shock associated SN-MCs without 
HSS and followed by HSS respectively, show results essentially similar to that 
in Figures 2.13 and 2.14. That is, intensity decrease starting before zero hour, 
an additional step in decrease at zero hour (end time of magnetic cloud), pro-
longed intensity depression during increasing solar wind speed, and then the 
recovery takes place slowly. Further, similar to the case of NS-clouds, intensity 
after the passage of shock-associated SN-MCs recovers at a faster rate when the 
structure is not followed by HSS. 
Even though by separating shock-associated NS-MCs, each into two groups 
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Figure 2.16: Same as Fig. 2.15, but zero hour corresponds to the end time 
(passage of rear part) of shock-associated SN-MCs followed by HSS. 
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Figure 2.17: Variations in cosmic ray intensity, interplanetary plasma and field 
parameters with respect to end time (passage of rear part) of magnetic clouds 
(NS-I-SN) not-associated with shock, not followed by HSS. 
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Figure 2.18: Same as Fig. 2.17, but epoch corresponds to the end time (passage 
of rear part) of magnetic cloud (NS+SN) not-associated with shock, followed 
by HSS. 
on the basis of absence/presence of HSS following MCs, certain effects that can 
be attributed to magnetic clouds and interaction regions/HSS have been ob-
served, nevertheless, the observed time profile is substantially influenced by the 
presence of shock/sheath region ahead of MCs. Therefore, it is expected that 
the effects of the interaction regions, HSS and/or magnetic clouds will be ob-
servable in a better and distinguishable manner if cosmic ray, solar wind plasma 
and field data are analyzed with respect to those magnetic clouds which are not 
preceded by any shock/sheath region. Figures 2.17 and 2.18 show the effects of 
such MCs. In Figure 2.17, we have shown the superposed epoch analysis results 
of cosmic ray intensity, interplanetary plasma and field parameters have been 
shown during, before and after the passage of the magnetic clouds moving with 
the ambient solar wind without any additional structure preceding or following 
them; zero hour corresponds to end time of magnetic clouds. A small depression 
in intensity is seen before zero hour due to magnetically quiet and closed field 
region of the magnetic cloud followed by fast recovery after zero hour (after 
passage of MCs), if no HSS follows them (Figure 2.17). As shown in the Fig-
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Figure 2.19: Variations in cosmic ray intensity and interplanetary plasma and 
field parameters with respect to start-time (arrival) of shock preceding NS-MCs 
not followed by HSS. 
ure 2.18, the intensity depression due to MCs followed by HSS, although small, 
proceeds in two steps, one due to magnetic clouds and other (at zero hour) due 
to possible interaction region and HSS. The time profile of intensity depression 
in the Figure 2.18 differ from that shown in Figure 2.17; intensity decreases in 
two steps, followed by slower recovery in case of magnetic clouds followed by 
HSS. 
It has been shown that the magnetic clouds preceded by shock/sheath re-
gion can produce Forbush-type decreases, that the decrease starts before the 
arrival of magnetic clouds, and that the recovery-time and recovery rate may be 
influenced by the presence/absence of HSS following magnetic clouds. However, 
it is yet to be seen in this analysis whether the onset of the decrease coincides 
with the shock front or the decrease starts sometime later during the passage 
of magnetically turbulent sheath regions. Moreover, it is expected that more 
details about the decrease and recovery characteristic of Forbush decreases can 
be obtained if the exact cause of onset is known. 
Thus, in order to gain more insight about the transient modulation of ens-
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Figure 2.20: Same as Fig. 2.20, with respect to shock preceding NS-MCs fol-
lowed by HSS. 
mic rays due to shock associated NS/SN-MCs, followed/not-followed by HSS, 
the cosmic ray and solar wind plasma/field data has been analyzed with respect 
to shock arrival time. Figures 2.19 and 4.20 show superposed plots of neu-
tron monitor and solar wind plasma/field data with respect to shock-associated 
NS-MCs not followed by HSS (Figure 2.19) and those followed by HSS (Figure 
2,20). Intensity-time profiles in these figures show some interesting features. 
Similar features and differences in superposed epoch plots with respect to shock-
associated SN-MCs not-followed by HSS (Figure 2.19), and those followed by 
HSS (Figure 2.20) are also seen in Figures 2.21 and 2.22. We can see from 
these figures that Forbush-type decrease in all four cases starts at the arrival of 
shock front, that the intensity decreases at fast rate during the passage of sheath 
region simultaneous with sudden jump in interplanetary parameters, and that 
the intensity recovers slowly with time. However, the recovery rate appears to 
be influenced by the presence of HSS as the recovery is slower in the presence 
of HSS just after the passage of shock-associated MCs. A combined plots of 
SN and NS-MCs without any distinction in the field rotation inside the clouds 
(Figures 2.23 and 2.24) show similar results. A comparison of amplitude of cos-
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Figure 2.21: Variations in cosmic ray intensity and interplanetary plasma and 
field parameters with respect to start-time (arrival) of shock preceding SN-MCs 
not followed by HSS. 
mic ray intensity and plasma/field parameters during the passage of different 
structures is given in Table 2.1. 
In Table 2.2 are given the calculated decrease time and rate during the main 
phase, and the recovery time and rate during the recovery phase of decreases, 
observed in association with different interplanetary structures, namely shock-
associated NS-MCs followed by HSS, shock-associated SN-MCs followed by HSS, 
shock-associated NS-MCs not followed by HSS, shock-associated SN-MCs not 
followed by HSS, combined shock-associated MCs (SN and NS) followed by 
HSS, and shock-associated MCs (SN-I-NS) not followed by HSS. Tlie differences 
discussed qualitatively can be visualized quantitatively in Tables 2.1 and 2.2. 
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Figure 2.22: Same as Fig. 2.21, with respect to shock preceding SN-MCs fol-
lowed by HSS. 
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Figure 2.23: Results of superposed epoch analysis showing variations in cosmic 
ray intensity (I), solar wind velocity (V), interplanetary magnetic field (B) and 
its variance {UB). Epoch (zero hour) corresponds to start (arrival) time of the 
shock-preceding both type of magnetic clouds (NS-I-SN) but not followed by 
HSS. 
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Figure 2.24: Same as Fig. 2.23, but zero hour corresponds to the arrival time 
of shock-preceding both types of magnetic clouds (NS+SN) followed by HSS. 
Table 2.1: Value of cosmic ray intensity (Oulu NM) and solar plasma/field 
parameters amplitudes during various interplanetary structure. 
Magnetic 
Cloud 
NS 
NS 
SN 
SN 
NS+SN 
NS+SN 
Shock 
YES 
YES 
YES 
YES 
YES 
YES 
HSS 
NO 
YES 
NO 
YES 
NO 
YES 
AI 
(%) 
1.70 
1.20 
1.80 
1.75 
1.60 
1.90 
* mox 
(km/s) 
525 
480 
550 
485 
530 
470 
LJmax 
(nT) 
13.0 
10.2 
12.0 
14.5 
11.0 
13.0 
max 
(nT) 
4.8 
4.6 
6.0 
6.5 
5.5 
6.0 
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Table 2.2: Cosmic ray intensity (Oulu NM) decrease and recovery rates during 
different structures in interplanetary space. 
Decrease Phase Recovery Phase 
Magnetic Shock HSS Time Rate Percent Time Rate 
cloud (hr) (%/day) (hr) (%/day) 
NS 
NS 
SN 
SN 
NS+SN 
NS+SN 
YES 
YES 
YES 
YES 
YES 
YES 
NO 
YES 
NO 
YES 
NO 
YES 
20 
25 
15 
22 
24 
21 
-2.202 
-1.248 
-3.528 
-1.992 
-1.872 
-2.208 
100 
50 
100 
50 
100 
25 
100 
100 
75 
130 
75 
120 
0.322 
0.156 
0.532 
0.120 
0.533 
0.154 
Table 2.3: Characteristic recovery time and recovery rate (Oulu NM) of decrease 
during different magnetic states of the heliosphere 
Magnetic Shock HSS Polarity Characteristic Recovery rate 
cloud Recovery time (hr) (%/day) 
+ 
+ 
NS+SN 
NS+SN 
NS+SN 
NS+SN 
YES 
YES 
YES 
YES 
NO 
NO 
YES 
YES 
40 
64 
48 
92 
0.69 
0.54 
0.47 
0.37 
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2.2.4 Magnetic clouds in positive/negative polarity states 
of the heliosphere 
According to drift model of Forbush decreases [Kadokura & Nishida, 1986; Le 
Roux & Potgeiter, 1991], the recovery rate should be different during two polar-
ity states of the heliosphere, A>0 (when the IMF points away from the northern 
solar pole above the heliospheric current sheet) and A<0 (when the IMF points 
towards the northern pole of the sun above the heliospheric current sheet). In 
order to see the polarity dependent effect in recovery rate of Forbush-type de-
creases, the analysis presented here includes somewhat selective; the large dura-
tion cosmic ray storms apparently produced by multiple transient disturbances, 
one after the other; Forbush-type decreases having superimposed ground level 
enhancements (GLEs) and those with data gaps have been rejected from the 
data set. Inclusion of such events might influence the recovery characteristics 
and, consequently, real effects may not be distinguishable. Shock-associated 
magnetic clouds that are not followed by HSS, and producing Forbush-type de-
creases, have been divided into two groups; those observed during the periods 
when polarity states of the IMF is A > 0 (e.g. 1970s, 1990s) and A < 0 (e.g. 
1960s, 1980s). Superposed epoch analysis of data is then performed with respect 
to shock arrival time of interplanetary structures in A < 0 and A > 0 (Figures 
2.25 and 2.26). It is observed that, in this case, recovery rate is somewhat faster 
in A > 0 than A < 0, although recovery continues till about 120 hours in both 
the periods. A comparison with solar wind parameters show near exponential 
decay in solar wind velocity in both cases; decay rate appears to be almost 
equal (or even slightly higher A < 0). The shock-associated magnetic clouds 
that follow HSS were divided into two groups according to their happening in 
A > 0 or A < 0 periods. A superposed analysis of cosmic ray and solar wind 
data, with respect to arrival (start) time of shocks in A < 0 and A > 0 polarity 
epoch (Figures 2.27 and 2.28) show a faster recovery in A > 0 epoch, consistent 
with the expectation of drift models. Characteristic recovery time (r) obtained 
from an exponential fit to the data during recovery in the equation 
I = lo- pexp{-t/T) 
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Figure 2.25: Superposed epoch analysis results of cosmic ray and solar wind 
data during shock-associated magnetic clouds not followed by HSS, observed 
during ^ < 0 polarity state of the heliosphere. 
concurs with that result [also see, Singh k Badruddin, 2006]. It may be 
noted that the solar wind velocity remains enhanced nearly at the same level 
in both the periods for about 100 hours after initial jump at zero hour. There 
is also a noticeable difference in the recovery rate of Forbush-type decreases 
due to shock-associated MCs with and without HSS; recovery rate is higher 
when shock-associated MCs are not followed by HSS both in A > 0 and A < 
0 (see Table 2.3). From Figures 2.25, 2.26, 2.27 and 2.28, we conclude that 
presence/absence of HSS during recovery phase of Forbush decrease influences 
the recovery rate. It is, therefore, suggested that in order to study the polarity 
dependent effects in cosmic ray intensity recovery rate during Forbush-type 
decreases, the plasma and field variations (especially solar wind speed behavior) 
during recovery should not be much different in two polarity epochs. 
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Figure 2.26: Same as Fig. 2.25, during .4 > 0 epoch. 
' ^ - ^ V ' V A - ^ - / ' ' 
8 
P 6 
-£ 4 
o" 2 
0 
P" 14 
CQ 8 
_ _ 2 
^ 500 
J 450 
> 400 
350 
^ 88 
l l 87 
~ 86 
85 
Cj- 87 \-^—J^v 
— 85 
83 
•'\^^A- '^-/1^^w 
•"^-v^ 
J 
^^-v.A vvv^^-''^-
4# /^AAA^^M^v-v.AwA^^ '^•' 
-H h 
\ywv 
^-V-ZV-
''^ 1 
1 ' 1-
\ ^ - ^ ^ ' 
w^^^ 
Oulu NM 
Climax NM 
-75 75 150 
Hour 
Figure 2.27: Superposed epoch analysis results of cosmic ray and solar wind 
data during shock-associated magnetic clouds followed by HSS, observed during 
A <0 polarity state of the heliosphere. 
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Figure 2.28: Same as Fig. 2.27, during A> 0 epoch. 
2.3 Conclusions 
The CR-effectiveness and relative importance of various structures of distinct 
plasma and field properties, namely, shock/sheath, magnetic cloud, interaction 
region and high speed stream have been studied. This was done by separat-
ing magnetic clouds into different groups on the basis of other features associ-
ated with them, and performing superposed epoch analysis of cosmic ray data, 
interplanetary plasma and field data by suitably selecting and systematically 
changing reference time (zero epoch) for the data analysis. The role of field 
strength, its topology, field variance and high speed streams in influencing the 
amplitude and time profile of resulting cosmic ray density depressions have also 
been discussed here. 
The results of the analyses show that there are significant differences in am-
plitude and time profile of depressions in cosmic ray intensity due to isolated 
magnetic clouds of magnetically quiet regions of high field strength, magnetic 
clouds with preceding shock/sheath region of compressed plasma and magnet-
ically turbulent field, magnetic clouds with interaction region of fluctuating 
magnetic field and high speed streams from open field regions following them, 
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and magnetic clouds with preceding shock/sheath region and high speed stream 
following them. The dependence of the recovery rate of cosmic ray density on 
the polarity state of the heliosphere during Forbush-type decreases due to shock-
associated magnetic clouds has also been studied. Some of the significant results 
as regards the CR-effectiveness of magnetic clouds with different associated fea-
tures and field orientations, are highlighted in Tables 2.1-2.3. 
From the results of the analysis presented here, we conclude the following: 
- Magnetic clouds with preceding shock/sheath produce Forbuse-like decrease, 
while isolated magnetic clouds may produce transient decreases of smaller am-
plitude with fast recovery, as observed by neutron monitors. 
- Magnetically quiet, high field structure of magnetic clouds are less effective in 
transient modulation of cosmic rays as compared to magnetically turbulent high 
field region of sheath. The presence (or absence) of HSS influence the recovery 
rate; it is faster in the absence of HSS. 
- Shock associated magnetic clouds (both NS and SN) may produce two-step 
Forbush decreases, the first step of larger amplitude starts a few hour before, 
while second step of smaller amplitude coincides with the arrival time of mag-
netic clouds. 
- Recovery rate of Forbush decreases due to transient interplanetary structure is 
somewhat different during different polarity states of the heliosphere consistent 
with the prediction of drift models. However, recovery rate is also influenced 
considerably by the presence of HSS; recovery is faster in absence of streams. 
In other words, HSS might be able to slow down the process of filling the lower 
density region created by passing interplanetary disturbances responsible for 
initial decrease. Theoretical modeling efforts of Forbush decreases, therefore, 
may provide results that are closer to observations, particularly the recovery 
rate, if the eflPects of HSS are also incorporated. 
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Chapter 3 
Transient modulation of cosmic 
ray intensity and magnetic 
polarity of the Sun and the 
heliosphere 
3.1 Introduction 
Short-term decreases in cosmic-ray intensity observed by ground-based detectors 
are, in general, classified into two categories: (i) the classical (non-recurrent) 
Forbush decreases associated with transient eruption from the Sun and (ii) the 
recurrent decreases associated with corotating solar wind high-speed streams 
from coronal holes. Forbush decreases are defined by a rapid reduction (within 
a few hours) in cosmic ray intensity followed by a slow recovery typically lasting 
several days. Interplanetary magnetic field (IMF) configurations that can pro-
duce such cosmic ray variations are (i) small-scale fluctuations in the direction 
and/or magnitude of the IMF, (ii) extended structures of intense-ordered mag-
netic fields, and (iii) the blast or shock waves and tangential discontinuities. 
The physical mechanism that may be responsible for these decreases are the 
convection, diffusion adiabatic energy losses, and/or sweeping up of particles by 
the moving semi-permeable membrane [e.g. see Lockwood, 1971; Venkatesan & 
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Badruddin, 1990; Cane, 2000]. 
Galactic cosmic rays intensity in the heliosphere is modified as they travel 
through the Interplanetary Magnetic Field (IMF) embedded in the solar wind. 
In the decades seventies and nineties, the field is directed outward in the north-
ern and inward in the southern hemisphere. In this configuration, referred to 
as A > 0, positively charged particles drift inward at the poles and exit via 
current sheet (near the equator). In the opposite polarity configuration i.e. in 
sixties and eighties, referred to as A < 0, particles drift inward along the current 
sheet (near the equator) and then upward toward the poles. Thus it might be 
expected that incoming cosmic rays will be affected differently by drift effects 
during the two magnetic configuration A > 0 and A < 0. 
There are various time scales of cosmic ray cosmic ray modulation. A For-
bush decrease (Fd) is a short term modulation occurring in ~ 1 day and recov-
ering over a few days. In general, these decreases were attributed to solar flares 
[e.g. Lockwood, 1971; lucci et ai, 1979]. However, Duggal k Pomerantz [1977] 
suggested that the majority of cosmic ray decreases are related to the passage 
of active centers and cannot be uniquely assigned to specific solar flares. Later 
analyses, utilizing coronograph observations of CMEs and their association with 
interplanetary shocks, have found that Fds and major geomagnetic storms are 
well associated [see Kane, 1977; Kudela k Brenkus, 2004] as noted first by For-
bush [1938], and largest geomagnetic storms are caused by CMEs and associated 
shocks [Gosling, 1993]. Fds result from shocks, CMEs and their interplanetary 
manifestations [Badruddin et ai, 1986; Venkatesan & Badruddin. 1990; Cane, 
1993, 2000; Badruddin, 2002; Badruddin & Singh, 2003a]. Though the time 
scales of various modulation effects differ from each other, the basic process 
must be common i.e. interaction between cosmic ray particles and IMF irregu-
larities. Thus investigation of the Fds would also lead to the understanding of 
modulation with other time scales [Kadokura & Nishida, 1986]. 
The aim of the work presented here is to study the effect of large-scale IMF 
polarity and drift on the amplitude, recovery characteristics and rigidity spec-
trum of Fds. The obtained results are discussed in the light of simulation of 
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Fds including drift effects. 
3.2 Analysis 
Isolated Fds during the periods, 1961 - 1969, 1971 - 1979, 1981 - 1989 and 
1991 - 1999, excluding the periods of polarity reversal, are selected by visual 
inspection of hourly cosmic ray intensity graphs of neutron monitors at Thule 
(geographic latitude 76.60''N, longitude 68.80°W, cutoff rigidity = 0.00 GV), 
Calgary (geographic latitude 51.05°N, longitude 114.08°W, cutoff rigidity = 1.09 
GV), Climax (geographic latitude 39.37°N, longitude 106.18''W, cutoff rigidity 
= 2.97 GV), Rome (geographic latitude 41.90°N, longitude 12.52°E, cutoff rigid-
ity = 6.24 GV) on the basis of following criteria. 
- A rapid decrease (within < 24 hours) followed by slow recovery, at least up to 
> 70% of the magnitude of decrease within ~ 10 days. 
- Amplitude of decrease (at Calgary) should be > 1.5% and < 9.5%. 
- No sudden decrease/GLE three days before or ten days after the onset of Fd 
under consideration. 
- There should not be any data gap around the time of intensity minimum 
and/or any other data gap of > 1 day. 
The period of analysis covered two A > 0 epoch when the polarity of the 
solar magnetic field is outward in the northern hemisphere such as 1971-1979 
and 1991-1999, and two A < 0 epoch of opposite polarity (1961 - 1969 and 
1981 - 1989). 
Within the criteria mentioned above, about 20 events each in sixties, sev-
enties, eighties and nineties were identified. After selecting Fds satisfying the 
above criteria, the amplitude and recovery characteristics have been studied 
statistically. The pressure corrected hourly cosmic ray intensity, recorded at a 
number of neutron monitors located at various locations on the earth well dis-
tributed in latitude from pole to equator, have been analyzed using the method 
of superposed epoch (Chree) analysis by taking the onset time (hour) of each 
Fd as zero epoch hour, and data for recovery has been fitted by assuming an 
exponential recovery. 
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Figure 3.1: Average superposed time profile of Forbush decreases at Thule neu-
tron monitor (Re = 0.00 GV) during different polarity states of the heliosphere 
along with fitted exponential curve during recovery. 
3.3 Results and Discussion 
The average time profiles of Forbush decreases recorded at four neutron monitors 
during sixties, seventies, eighties and nineties are shown in Figure 3.1 (Thule 
NM), Figure 3.2 (Calgary NM), Figure 3.3 (Climax NM), and Figure 3.4 (Rome 
NM). The data for the recovery were fitted to an equation 
I^Io-rexp{-t/to) 
Where / is the normalized intensity in percent of May 1965 minimum modu-
lation level at time t, /o also in percent, is the pre-decrease intensity level taken 
as the mean of the 72-hour intensities before the event, and F is the ampli-
tude of decrease. The characteristic recovery time to corresponds to the time 
for the decrease to decay to e~^ times its amplitude. From an examination of 
these figures, qualitative inferences about a few features of the time profiles, 
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Figure 3.2: Same as Fig. 3.1 for Calgary neutron monitor (Re = 1.09 GV). 
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Figure 3.3: Same as Fig. 3.1 for Climax neutron monitor (Re = 2.97 GV). 
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Figure 3.4: Same as Fig. 3.1 for Rome neutron monitor (Re = 6.24 GV). 
during A < 0 (1960s, 1980s) and A > 0 (1970s, 1990s) relevant to simulation 
of Forbush decreases, are as follows: The amplitude of decreases during A < 0 
and ^ > 0 is not significantly different in two cases, and recovery rate is slower 
during A < 0 than A > 0. Amplitude and characteristic recovery time during 
different periods at four stations are given respectively, in Table 3.1 and Table 
3.2. 
The exponential has been fitted to individual events also selected on the ba-
sis of criteria outlined earlier, and the statistics for amplitude and characteristic 
recovery time is obtained, separately for the periods 1961-69 {A < 0), 1971-1979 
{A > 0), 1981-1989 {A < 0) and 1991-1999 {A > 0). For the study of statistical 
distribution of Fds, has been plotted histogram for amplitude by dividing them 
into four arbitrary groups, depending upon the amplitude of decrease, namely, 
small amplitude Fds (1.5% - 3.5%), medium amplitude Fds (3.6% - 5.5%), large 
amplitude Fds (5.6% - 7.5%) and very large amplitude Fds (7.6% - 9.5%). These 
histograms for sixties, seventies, eighties and nineties are shown in Figures 3.5, 
3.6, 3.7 and 3.8. It is inferred from these diagrams that essentially, there is no 
difference in the frequency distribution during .4 < 0 and A> 0 epochs. 
To study the statistical distribution of characteristic recovery time of 
CHAPTER 3. TRANSIENT MODULATION ... HELIOSPHERE 71 
Table 3.1: Amplitude of depression (%) obtained from average time profile 
during different epochs 
Period/Station 
1961-1969 
1971-1979 
1981-1989 
1991-1999 
Calgary NM 
3.15 
3.85 
3.71 
3.13 
Climax NM 
3.68 
3.44 
4.00 
3.44 
Rome NM 
2.55 
2.16 
2.16 
2.10 
Thule NM 
3.24 
3.81 
2.72 
2.96 
Table 3.2: Characteristic recovery time (hours) obtained from average time 
profile during different epochs 
Period/Station 
1961-1969 
1971-1979 
1981-1989 
1991-1999 
Calgary NM 
99 
48 
80 
58 
Climax NM 
92 
50 
91 
65 
Rome NM 
84 
57 
68 
55 
Thule NM 
70 
46 
60 
52 
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Figure 3.5: Frequency distribution of amplitude of Fds during two A < 0 and 
two >1 > 0 epochs as observed at Thule NM. 
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Figure 3.6: Same as Fig. 3.5 for Calgary NM. 
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Figure 3.8: Same as Fig. 3.5 for Rome NM. 
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Fds, depending on the range of characteristic recovery time, they have been 
categorized into quick {to < 35 hour), fast (35 hour < to < 55 hour), normal 
(55 hour < 0^ < 75 hour) and slow (to > 75 hour) Fds. Frequency distribution 
on the basis of these different groups of Fds are shown in Figures 3.9, 3.10, 3.11 
and 3.12. It is seen from these plots that peaks in the histogram are shifted 
towards higher to during 4^ < 0 (sixties and eighties) as compared to 4^ > 0 
(seventies and nineties) where the peaks are shifted towards lower to values. 
As regards the recovery time of Fds in different polarity states of the he-
liosphere {A < 0 and A > 0) the following is the consequence of the drift-
dominated models. In A > 0 polarity state when the IMF above the current 
sheet pointed away from the sun, cosmic ray particles drift towards the earth 
from over the solar poles, and under such circumstances, the cavity left be-
hind by propagating disturbance (responsible for Fds) in the equatorial region 
is expected to be filled at a faster rate and consequently the recovery time 
will be smaller. This recovery time will be larger when the solar polarity and 
consequently IMF polarity reverses (^ < 0), under such condition cosmic ray 
particles drift towards earth from the equatorial region and drifting particles 
will primarily encounter the disturbance (responsible for Fds) head on and the 
filling process is slower and recovery time is longer in this situation. 
The role of gradient and curvature drift on long-term modulation has 
been studied by a number of workers [e.g., see Jokipii, 1989; Venkatesan and 
Badruddin, 1990; Kota, 1991; Potgieter, 1998; Van Allen, 2000; Oliver k Ling, 
2001; Boella et ai, 2001; Badruddin k Ananth, 2003 and references therein] 
and many of them emphasized for the dominant role of gradient and curva-
ture drifts. On the other hand, the role of drift in the phenomenon of Forbush 
decrease has been studied by the limited workers [e.g., Lockwood et a/., 1986; 
Mulder k Moraal, 1986; Rana et ai, 1996; Badruddin k Singh, 2003b; Singh 
k Badruddin, 2003] and experimental evidences are inconclusive as regards the 
role of drift during Fds. 
Le Roux and Potgieter [1991] simulated Fds by assuming that turbulent field 
regions of enhanced scattering cause them and drift effects are diminished in 
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Figure 3.9: Frequency distribution of characteristic recovery time of Fds during 
two A <{) and two A > 0 epochs as observed at Thule NM. 
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Figure 3.10: Same as Fig. 3.9 for Calgary NM. 
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the region that originate at the sun and propagate onwards. T?Jis"rhodel pre- ^^ 
diets almost same amplitude of decrease in both the polarity conditions of I^fl^ . 
(^ < 0 and A > 0) in contrast to two-dimensional numerical model results of 
Kudokura & Nishida [1986]. Kadokura and Nishida model predicts a larger am-
plitude during A > 0 as compared to A <0 polarity conditions. Regarding the 
recovery time, two-dimensional models of Fds [Kudokura & Nishida, 1986; Le 
Roux & Potgieter, 1991], which include the effect the large scale drifts, predict 
much larger recovery time in A < 0 polarity condition of IMF than in ^ > 0 
polarity condition. However, when simulation was done by scaling down the 
drift effect by a factor of 3, the recovery time is much closer in two polarity 
states. But, the experimental evidences regarding difference in recovery time 
with reversal of the field remain inconclusive. For example, Lockwood et al. 
[1986] observed no significant change in the recovery time with the reversal of 
the field. But apparently in contrast with conclusions of Lockwood et al. [1986]; 
Mulder & Moraal [1986] and Rana et al. [1996] observed that recovery time is 
less during A > 0 as compared during opposite polarity condition A < 0. 
The rigidity dependence of the amplitude of Fds is given by power law R~'', 
where 7 ranges from about 0.4 — 1.2 [Cane, 2000]. A number of researchers have 
examined whether the rigidity dependence of Fds varies with the sun's polarity 
and all groups have concluded that it does not [e.g., see Morishita et al., 1990; 
Lockwood et al, 1991; Cane, 2000]. The two dimensional numerical model of 
Fds [Kadokura & Nishida, 1986] incorporating drift effect predict 7 = 0.66 for 
^ > 0 polarity state, 0.54 for A < 0 polarity state, when fitted with a power 
law R~'^. Their model predicts 7 = 0.88 when drift effects are neglected. 
In this work the rigidity dependence of Fds has been studied separately for 
those occurring during 1960s, 1970s,1980s and 1990s, using data from neutron 
monitor located at different latitudes with different cut off rigidities (Calgary, 
Re = 1.09 GV, Climax, Re = 2.97 GV, Lomnicky Stit, Re = 3.84 GV, Rome, 
Re = 6.24 GV, Tokyo, Re = 11.5 GV, Huancayo/Haleakala, Re = 13.01 GV). 
Figure 3.13 shows the rigidity spectra of the Fds during 1960s, 1980s (A < 0) 
and 1970s, 1990s {A > 0). The spectra has been fitted with a power law i?"^, 
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Figure 3.13: Rigidity Spectra of Forbush decreases during sixties, seventies, 
eighties and nineties. 
and obtained 7 = 0.43(1960s) and 7 = 0.34(1980s) for >l < 0, 7 = 0.54(1970s) 
and 7 = 0.38(1990s) (or A > 0 polarity state of the heliosphere. Although, 
there is no definite trend in the results, these values of 7 are closer to the values 
obtained when drift effect were incorporated in theoretical model. The differ-
ence in power among these cases {A > 0, A < 0 with drift, and no-drift case) 
can be understood by the drift effect [Kadokura & Nishida, 1986]. For A > 0 
state the drift effect acts to intensify the density depression on the rear side, 
and this effect is stronger for the higher rigidity particles. Thus the spectrum 
for the A > 0 state is harder (i.e. 7 smaller) than no drift case. For A < 0 
state the drift acts to increase the density at the equator and make the depres-
sion small for lower rigidity particles, however for the particles whose rigidity 
is higher than a critical value it acts to intensify the density depression, As a 
result the spectrum for A < 0 state is harder (7 smaller) than no-drift case. 
Our results can be explained by considering the direction of particle drift in 
the heliosphere [Mulder & Moraal, 1986; Kadokura & Nishida, 1986; Le Roux 
& Potgieter, 1991]. During A > 0 epoch positive particles drift from high he-
liographic latitudes down towards the equatorial plane and outward along the 
heliosphere current sheet. In the equatorial region drift and radially inward 
directed diffusion are in opposition. Under these circumstances the cavity left 
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behind by the propagating disturbances in the equatorial region will be filled 
at a more rapid rate when 4^ > 0 than with the drift neglected. When A < 0, 
drift and radial diffusion are complementing each other in the equatorial region, 
but the particles also drift away from the equatorial plane so that the fiUing-in 
of the cavity by particle scattering through the disturbances and latitudinally 
around is less effective than when they drift downwards from the polar region. 
The recovery in ^ < 0 is consequently slower than for the no-drift case, and 
even more so when A > 0. The magnitude of the Fd does not respond to the 
polarity change of IMF, illustrating that the drift has an almost negligible effect 
on the magnitude of Fds at earth [Le Roux k Potgieter, 1991], possibly due to 
presence of magnetically turbulent region during main (decrease) phase; such 
region may not be conducive for the drift effect to the observed. 
3.4 Conclusions 
The amplitude of decreases in two polarity states of the heliosphere {A < 0 and 
/I > 0) are not significantly different consistent with the simulation results of Le 
Roux & Potgieter [1991] including drifts. The values of exponent 7 for a power 
law spectrum are found to be closer to the values given by model calculations 
including drifts as compared to no-drift case. The recovery rate is faster in 
A > 0 epoch as compared to yl < 0 epoch. The results presented in this work, 
provide experimental evidence that drift effect plays an important role in the 
modulation of galactic cosmic rays. 
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Chapter 4 
Short-term modulation of cosmic 
ray intensity asociated with 
corotating high speed streams 
from the Sun 
4.1 Introduction 
Instruments onboard satellites and spacecraft have been detecting the high-
speed solar wind streams lasting for several days. Such corotating streams, upon 
reaching the detector (e.g. neutron monitor), are likely to produce slowly vary-
ing corotating depressions in cosmic ray intensity lasting for several days with 
amplitude ~ 3% at midlatitude stations. The passage of these streams leads 
to several effects on the earth and the interplanetary space. These streams are, 
therefore, of great importance for solar and heliospheric research. A high speed 
stream is characterized by a large increase in the solar wind velocity lasting for 
several days. The beginning time, i.e. commencement of the stream, is taken at 
the time the velocity starts increasing towards the maximum. The long-lasting 
corotating high speed stream (CSWS) exhibits an apparent tendency to recur 
at intervals of ~ 27 days. In the corotating streams proton density rises to high 
values near the leading edge of the stream, the proton temperature varies in 
82 
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a pattern similar to that of the flow speed, and the polarity of the interplane-
tary magnetic field throughout the stream is almost constant [for more specific 
and detailed discussion on high speed streams and their characteristics see, e.g., 
Lindblad &; Lundstedt, 1981; Lindblad et ai, 1989; Mavromichalaki et a/., 1988; 
Mavromichalaki & Vassilaki, 1998]. 
Interaction between a slow and the fast solar wind from coronal holes cre-
ates a corotating interaction region (CIR). The CIRs are regions of compressed 
plasma formed at the leading edges of corotating high-speed solar wind streams 
originating in coronal holes as they interact with the preceding slow solar wind. 
They are particularly prominent features of the solar wind during the declin-
ing and minimum phases of the 11-year solar cycle, but may also be present 
at times of higher solar activity. It is now realized that the effects of CIRs on 
cosmic rays are much more dominant features in the heliosphere than previously 
anticipated. Thus, the study of the effects of corotating high-speed streams on 
cosmic rays will be helpful in understanding the modulation of cosmic rays in 
the heliosphere. Galactic cosmic ray depressions due to CIRs and high-speed 
solar wind streams have been studied for many years. However, the relative 
contribution/role of corotating barrier, local structures within CIR, enhanced 
solar wind speed and the direction of the global magnetic field, in the modula-
tion of galactic cosmic rays during the passage of a CIR and high-speed stream 
is still not fully understood. For a comprehensive review of the effects of CIRs 
and high-speed streams on energetic particles in the heliosphere, see Richardson 
[2004]. 
Previous studies of cosmic ray depressions due to corotating high speed 
streams [e.g. Duggal & Pomerantz, 1977; lucci et ai, 1979; Venkatesan et a/., 
1982; Burlaga et ai, 1984; Mishra et ai, 1990; Badruddin, 1993; 1997; Yadav et 
ai, 1994; Richardson et ai, 1996; 1999; Alania et a/., 2001; Gil et al, 2005] have 
reached at different and sometimes even conflicting conclusions, probably due to 
near simultaneous variations in a number of parameters (e.g., solar wind speed, 
magnetic field fluctuations and magnitude) within a stream. As a consequence 
of variations in these parameters several processes could contribute in recurrent 
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cosmic ray modulation. Changes in solar wind speed could cause variations in 
convection and adiabatic cooling, diffusion coefficient may change due to vari-
ation in turbulence level, and variation in field strength may be responsible for 
causing variations in particle drifts and diffusion coefficients. Models proposed 
to explain the corotating cosmic ray depressions have emphasized different pro-
cesses [see Richardson et ai, 1996; Richardson, 2004]. 
Ground based neutron monitors and spacecraft data has been used for the 
study of recurrent cosmic ray modulation due to CIRs and high speed streams 
[e.g. Vershell et ai, 1975; Parker, 1976; Shah et a/., 1978; lucci et ai, 1979; 
Duggal et ai, 1981; Venkatesan et ai, 1982; Tiwari et ai, 1983; Burlaga et ai, 
1984; Mishra et a/., 1990; Yadav et ai, 1994; Shrivastavak Shukla, 1994; Kunow 
et ai, 1995; Richardson et ai, 1996; 1999; Badruddin, 1997; Zhang, 1997; Paizis 
et ai, 1999; Alania et ai, 2001; Reames k Ng, 2001; Gil et ai, 2005, Gupta 
& Badruddin, 2005; Singh &: Badruddin, 2005; also see reviews, Venkatesan 
& Badruddin, 1990; Simpson, 1998; McKibben et ai, 1999; Richardson, 2004]. 
These ~ 27 day recurrent decreases in cosmic ray intensity have been associ-
ated with enhanced convection by high speed solar wind [Newkirk & Fisk, 1985; 
lucci et ai, 1979; Richardson et ai, 1996], diffusion in enhanced/compressed 
field region [Burlaga et ai, 1984; Kota & Jokipii, 1991] and/or particle drifts 
in large scale heliospheric magnetic field [Kota k Jokipii, 1991; 2001; Burger k 
Hitge, 2004]. Further studies of CSWS associated modulation in the galactic 
cosmic ray intensity are, therefore, needed in order to obtain more insight into 
the modulation phenomena. 
In this chapter, results of a detailed analysis of GCR depressions due to 
corotating streams are presented. The study utilizes cosmic ray data of Climax 
(geographic latitude 39.37°N, longitude 106.18°W, cutoff rigidity = 2.97 GV), 
Oulu (geographic latitude 65.02''N, longitude 25.50°E, cutoff rigidity = 0.61 
GV) and Thule (geographic latitude 76.60''N, longitude 68.80°W, cutoff rigidity 
= 0.00 GV) neutron monitors, during different polarity states of the heliosphere 
(A > 0 and A < 0) in minimum as well as varying solar activity conditions. In 
addition to hourly resolution averaged GCR intensity data have also been used, 
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daily averaging eliminates the effects of ever present daily variations (amplitude 
~ 0.4 %) from the cosmic ray intensity data. 
Investigation presented here has been carried out for (a) four periods of dif-
ferent solar magnetic conditions (two A > 0 and two A < 0 epochs) during four 
solar activity minimum periods when transient streams are almost absent, and 
(b) during the same number of polarity periods when solar activity is varying. 
Solar activity minimum periods are, 1964-65 (A < 0), 1975-76 (A > 0), 1985-86 
(A < 0) and 1995-96 (A > 0), while the extended periods with varying solar 
activity are, 1964-69 (A < 0), 1971-79 (A > 0), 1981-89 (A < 0) and 1991-96 
(A > 0). Although later four intervals with varying solar activity include pe-
riods of higher solar activity also, the periods when large-amplitude transient 
effects (e.g. Forbush decreases) are observed in GCR data are removed from 
the analysis. 
4.2 Results 
4.2.1 Minimum solar activity condition 
In this study of cosmic ray modulation due to the corotating high-speed streams, 
the method of superposed epoch analysis has been applied on neutron monitor 
data as well as solar wind plasma/field data, namely solar wind velocity (V), 
proton temperature (T), density (N), IMF strength (B), and its variance (<TB). 
Enhancements in V, B, T, and N are helpful in identifying the interaction region 
formed due to interaction of high speed stream with the slower stream in inter-
planetary space. Moreover, suggested processes of modulation of GCR intensity 
are associated with V (convection), B, CB (diffusion) and the magnitude and 
direction of B in large scale heliosphere (drifts). 
In Figures 4.1, 4.2, 4.3 and 4.4, we have plotted the superposed epoch 
analysis results of the daily averaged data of GCR intensity I (%) at Climax 
NM, solar wind velocity V (km/sec), field magnitude B (nT), its variance ag 
(nT), plasma temperature T (K) and density N (/cc) during four solar mini-
mum periods. Epoch (zero day) corresponds to the day of start of high speed 
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Figure 4.1: Superposed epoch analysis results of daily averaged cosmic ray 
intensity observed at Climax neutron monitor and solar wind plasma/field data; 
zero day corresponds to the arrival date of CSWS for the minimum period 1964-
65 when A < 0. 
Figure 4.2: Same as Fig. 4.1 for the minimum period of 1975-76 when A > 0. 
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Figure 4.3: Same as Fig. 4.1 for the minimum period of 1985-86 when A < 0. 
Figure 4.4: Same as Fig. 4.1 for the minimum period of 1995-96 Avhen A > 0. 
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Table 4.1: Cosmic ray intensity depression (%) and peak values of various solar 
wind plasma and field parameters due to corotating high speed streams during 
minimum solar activity periods. 
Periods A / V B a^ N TxlO^ B2/B1 AV 
Climax Oulu Thule 
1964-1965 0.25 0.27 0.27 500 6.5 3.8 12.0 1.35 1.38 129 
( A < 0 ) 
1975-1976 0.48 0.43 0.77 540 6.2 4.7 12.0 2.25 1.34 155 
( A > 0 ) 
1985-1986 0.07 0.12 0.13 540 6.4 4.6 10.0 1.75 1.27 124 
( A < 0 ) 
1995-1996 0.53 0.65 0.48 500 6.2 5.0 13.0 1.40 1.37 130 
( A > 0 ) 
stream. It is seen from these figures that 
- GCR intensity decreases during the corotating streams showing corotating 
modulation. 
- The parameters N, B, and OB peak on zero day indicating the formation of 
interaction region. 
- The speed of the streams peaks on 2"*^ / 3'"'^  day and then decreases slowly in 
several days time. 
- Days of minimum intensity are almost coincident with the days of maximum 
speed in the stream. 
Table 4.1 summarizes the GCR intensity decrease (%) as observed at three 
neutron monitors located at Climax, Oulu and Thule, and peak values of so-
lar wind parameters V, B, as, N and T; the values obtained from superposed 
epoch analysis of daily average data. The enhancement in speed AV and the 
ratio B2/B1, where B2 is the compressed field strength in interaction region 
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Table 4.2: Correlation coefficient between cosmic ray intensity and various so-
lar wind parameters during corotating high speed streams observed in solar 
minimum periods. 
Periods 
1964-1965 
1975-1976 
1985-1986 
1995-1996 
Polarity 
A < 0 
A > 0 
A < 0 
A > 0 
I v s V 
-0.35 
-0.72 
-0.08 
-0.48 
I v s B 
-0.11 
0.11 
0.10 
0.28 
I VS (JB 
-0.26 
-0.07 
-0.05 
0.10 
Climax NM 
96.4 
_ 96 
95.6 
95.2 
98.5 
- 98 
97.5 
-5 
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Figure 4.5: Statistical test applied to cosmic ray intensity changes due to CSWS 
in four solar minimum periods, two A < 0 (1964-65, 1985-1986) and two A > 0 
(1975-76, 1995-96) epochs. Depressions during A > 0 are treated as statistically 
significant at 95% confidence level, as vertical bars do not enter in the area 
between horizontal lines (95% confidence interval of mean value). 
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Figure 4.6: Relationship between cosmic ray intensity and solar wind velocity 
during CSWS observed in minimum periods 1964-65,1975-76,1985-86 and 1995-
96. 
and B{ is the normal field on preceding day, has also been tabulated together 
with these parameters. The parameters N and T show the physical conditions 
within the stream while parameters V, B and OB can be related to modula-
tion processes. It is inferred from this table and Figures 4.1, 4.2, 4.3 and 4.4, 
that CO rotating decrease amplitude is larger during A > 0 than A < 0 epoch. 
An examination of peak values of various parameters ratio B2/B1 and velocity 
increase (AV), given in Table 4.1, does not show any systematic difference in 
their values between A < 0 and A > 0 epochs. 
In order to check the statistical significance of GCR depressions, ob-
tained from superposed epoch analysis, we have adopted the the t-test based 
procedure illustrated by Singh & Badruddin [2006] and tested the results, both 
during minimum and variable solar activity periods. The results of the statis-
tical analysis are shown applied to cosmic ray intensity changes in four solar 
minimum periods in Figure 4.5. In this figure vertical bar represents 95% con-
fidence limit of minimum intensity, middle horizontal line is the mean value of 
the intensity, and the region between upper and lower horizontal lines represent 
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1.5e+05 
Figure 4.7: Cosmic ray intensity and solar wind plasma/field data; zero day 
corresponds to the arrival date of CSWS for the period (1964-69), a variable 
solar activity period of A < 0 polarity. 
Figure 4.8: Same as Fig. 4.7 for the variable solar activity period of 1971-79 
when A > 0. 
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Figure 4.9: Same as Fig. 4.7 for the variable solar activity period of 1981-89 
when A < 0. 
2e+05 
2" 1.5e+05 
K 1e+05 
r 93.3 
Figure 4.10: Same as Fig. 4.7 for the variable solar activity period of 1991-96 
when A > 0. 
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95% confidence interval of mean intensity. If the vertical bar enters in 95% 
confidence interval of mean intensity, then depression in cosmic ray intensity is 
insignificant at this level with respect to mean value. If it does not enter in this 
interval then results are significant at that level. As shown in Figure 4.5, during 
minimum solar activity periods the corotating depressions in GCR intensity are 
statistically significant only during A > 0 epoch. 
lucci et al. [1979] observed that during the passage of high speed streams, 
maximum depression in cosmic ray density was correlated with the maximum 
speed inside the stream and with the magnitude of the increase in solar wind 
speed above the stream leading edge. Richardson et al. [1996] also observed 
similar relationship with solar wind but a weak positive correlation. The rela-
tionship between maximum depression in GCR and maximum solar wind ve-
locity of high speed stream, were examined by dividing events into A < 0 and 
A > 0 epoch by Richardson [2004]. Their plots show considerable scatter in 
data points and weak correlation in both the epochs; however, the correlation is 
better in A > 0 epochs compared to A < 0 epochs. Singh & Badruddin [2005] 
studied the relationship between cosmic rays and solar wind velocity during 
corotating streams both during A > 0 and A < 0 epochs. They have found 
better correlation in A > 0 epoch as compared to A < 0 epoch. 
We have done correlation analysis of hourly averaged intensity variation 
with various parameters V, B, GB observed during four solar minimum peri-
ods; the correlation is good with solar wind velocity only, that too during A 
> 0 epochs (see Table 4.2). Scatter plots between the variation in GCR inten-
sity and solar wind velocity alongwith the best fit linear curves during different 
epochs in solar minimum conditions are shown in Figure 4.6. 
4.2.2 Variable solar activity condition 
In order to see whether the polarity dependent effect in corotating decrease 
amplitude can be observed only during solar minimum periods or during other 
periods also, we have made similar analysis of the data during variable solar ac-
tivity periods of A < 0 (1964-69, 1981-89) and A > 0 (1971-79, 1991-96). The 
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Table 4.3: Cosmic ray depression (%) and peak values of various solar wind 
plasma and field parameters due to corotating high speed streams during varying 
solar activity periods. 
Periods A / V B a s N TxlO^ B2/B1 AV 
Climax Oulu Thule 
1964-1969 0.09 0.19 0.19 520 7.0 4.6 9.5 1.50 1.38 128 
( A < 0 ) 
1971-1979 0.55 0.55 0.63 525 7.4 5.4 11.9 2.25 1.33 135 
( A > 0 ) 
1981-1989 0.28 0.35 0.34 510 8.0 5.8 11.8 1.75 1.18 098 
( A < 0 ) 
1991-1996 0.39 0.54 0.42 530 8.0 6.0 14.8 1.35 1.39 151 
( A > 0 ) 
Table 4.4: Correlation coefficient between cosmic ray intensity and various solar 
wind parameters during corotating high speed streams in varying solar activity 
periods. 
Periods Polarity I vs V I vs B I vs CTB 
1964-1969 A < 0 -0.05 -0.49 -0.53 
1971-1979 A > 0 -0.59 0.61 0.35 
1981-1989 A < 0 0.47 -0.07 0.13 
1991-1996 A > 0 -0.67 0.08 -0.19 
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Figure 4.11: Statistical test applied to cosmic ray intensity depressions due to 
CSWS in two A < 0 (1964-69, 1981-1989) and two A > 0 (1971-79, 1991-96) 
shows that depression during A > 0 are statistically significant at 95% confidence 
level but not in A < 0. 
daily averaged results of superposed epoch analysis are shown in Figures 4.7, 
4.8, 4.9 and 4.10 and the peak values of various parameters, the ratio B^/Bi, 
speed difference AV along with the depressions in GCR intensity are summa-
rized in Table 4.4. 
It is seen from Figures 4.7, 4.8, 4.9 and 4.10 that, as in minimum periods, 
modulation due to the corotating high speed streams is stronger in A > 0 (1970s 
and 1990s) epochs. The plasma and field parameters, listed in Table 4.3, do not 
show any systematic difference in their values during A > 0 and A < 0 periods. 
Adopting the same procedure as in Figure 4.5, we have tested the signifi-
cance of depressions observed during variable solar activity periods (see Figure 
4.11). The depressions during variable solar activity periods are also found to 
be statistically significant during A > 0 epochs. 
From the correlation analysis between variation in GCR intensity and various 
parameters V, B, ae during different polarity epochs in variable solar activity 
periods (see Table 4.4), we found that correlation of GCR intensity good during 
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Figure 4.12: Relationship between cosmic ray intensity and solar wind velocity 
during CSWS observed in periods 1964-69, 1971-79, 1981-89 and 1991-96. 
seventies and nineties (A > 0) with solar wind velocity only. 
The scatter plot of hourly averaged GCR intensity with solar wind velocity 
during high speed steams is shown in Figure 4.12. It appears that the response 
of the GCR intensity to solar wind enhancements is apparently reduced in A < 
0 epochs. However the exact cause of this apparent reduction in the response of 
GCR to solar wind enhancements is not clear. It may be due to epoch depen-
dent transport coefficients [Richardson et ai, 1999] and/or some other unknown 
reason. It will be interesting to understand which model [e.g. Richardson et 
ai, 1999; Kota & Jokipii, 2001; Burger & Hitge, 2004] can quantitatively better 
explain the epoch dependent corotating modulation in GCR (weaker in A < 0 
and stronger in A > 0). 
4.3 Discussion 
The recurrent modulation of GCR must have its origin in the solar wind and 
interplanetary magnetic field (IMF). This is because all the basic modulation 
processes, namely, particle convection, diffusion, drift and adiabatic decelera-
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tion are controlled by the properties of magnetic field fluctuation, large-scale 
IMF structures and the solar wind velocity. How the recurrent modulation con-
tributes to the global modulation and, if so, by which mechanism is still not 
solved completely [Simnett et ai, 1998]. 
As regards the structure(s) responsible for corotating depressions, previ-
ous studies, have associated the onset of recurrent modulations with various 
structures. They include stream leading edges, magnetic sector boundaries, 
and magnetic field enhancements etc. Using high-time resolution guard data, 
Richardson et al. [1996] concluded that recurrent modulations at 1 AU typically 
commence at the leading edge of the high-speed stream, or at the enhancement 
in field turbulence in the CIR (which often occurs at the stream leading edge). 
The cosmic ray density also tends to be anti-correlated with the solar wind 
speed, suggesting that increased cosmic ray convection plays a major role in the 
production of recurrent cosmic ray depression, with the enhanced turbulence 
following the interface also contributing. 
Barouch & Burlaga [1975] have found that for corotating streams observe 
at 1 AU, there is a strong correlation between the cosmic ray intensity and 
the strength of the magnetic field; intensity decreases when the region of en-
hanced field moves past a spacecraft. This can be interpreted in terms of small 
diffusion coeflficient in the stronger fields of corotating interaction regions. At 
larger distance from the sun, near 10 AU, observations of the interaction and 
coalescence of two corotating streams leading to formation of compound stream 
were presented by Burlaga et al. [1984, 1985]. Burlaga et al. [1985] found a 
simple correlation between the quantity B/Bp and the count rate of particles 
> 75 MeV/nucleon derived from Voyager 2 data; B is the total magnetic field 
strength measured by the spacecraft and Bp is the mean Parker spiral magnetic 
field. Several large enhancements in B/Bp were observed to be associated with 
interaction regions which probably resulted from interaction of two or more dis-
tinct flows. During the passage of these regions, cosmic ray intensity decreased 
at a rate proportional to (B/Bp-1). There observations led Burlaga et al. [1985] 
to conclude that cosmic ray intensity is more closely related to the magnetic 
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field strength and magnetic turbulence than to the stream profiles, and that the 
results are consistent with the idea that cosmic ray modulation is produced by 
diffusion process in which particles are scattered by magnetic field fluctuations 
in magnetohydrodynamic turbulence. 
A later study [Richardson et ai, 1999] reported that the amplitude of recur-
rent cosmic ray modulations in the inner heliosphere at solar minimum exhibits 
a dependence on 22-year global solar magnetic field polarity cycle. However, 
these authors commented that the reason for this epoch-dependence is unclear 
at present as high-speed streams and CIRs do not appear to be necessarily 
stronger in A > 0 epochs. Earlier, Kota k Jokipii [1991] suggested that polar-
ity dependence in corotating depressions might be expected if CIRs introduce 
enhanced particle scattering at low latitudes. However, stronger modulations 
would then be expected when cosmic rays enter the heliosphere along the equa-
torial regions (i.e., in A < 0 epochs) than when they enter over the poles (A 
> 0) [McKibben et ai, 1999]. This is the opposite dependence to that which 
is actually observed. However, a later modelling by Kota & Jokipii [2001], 
by including a southward displaced heliosphere current sheet show results that 
were in quantitative agreement with the observed results i.e. stronger modu-
lation in A > 0 epoch. If effects due to local diffusion are predominant, then 
no A-dependence would be expected. In this case, another possibility is that 
the particle transport parameters have a solar-field dependence [e.g., Chen &; 
Bieber, 1993; Bieber, 1998] such as to enhance the effect of cosmic ray convection 
in A > 0 epochs. A further complication is that the stream configuration may 
also play a role since large recurrent depressions can result from the combined 
effect of depressions in multiple, interacting streams [Richardson, 2004]. 
Two basic kind of recurrent phenomena in the solar wind and interplane-
tary magnetic field have been observed. One is the corotating interaction region 
which is the result of compression between slow and fast stream. The other re-
current phenomena is the heliospheric current sheet (HCS) that is usually tilted 
from the solar equator. The association between the passage of fast streams 
and crossing of HCS in the ecliptic plane at 1 AU (sector structure) has also 
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been examined [e.g., see Rangarajan & Mavromichalaki, 1989; Mavromichalaki 
et a/., 1999]. 
To account for the observed corotating decreases in GCR intensity and their 
various features, models have been developed, however, emphasis differ from 
one model to the other so far as the physical processes mainly responsible 
for this phenomenon are concerned. lucci et al. [1979], Badruddin & Yadav 
[1985] suggested the enhanced convection of cosmic rays by high-speed streams. 
Richardson et al. [1996] modeled enhanced convection process in a steady state 
convection-diffusion model and suggested that the amount of particle scatter-
ing (and hence particle radial mean free path) is likely to vary from stream 
to stream. Badruddin et al. [1985], Newkirk k Lockwood [1981], Newkirk k 
Fisk [1985], and Badruddin k Ananth [2003] proposed that recurrent cosmic 
ray modulation near ecliptic arise because of latitudinal cosmic ray density gra-
dients that are arranged about a tilted heliospheric current sheet. Reames k 
Ng [2001] noted that peak intensities occurred near north south crossing of HCS 
and valley near south-north crossing of HCS, inconsistent with simple particle 
gradient organized around the current sheet. Barouch k Burlaga [1975] sug-
gested that enhanced drifts of particles out of the region of enhanced magnetic 
field associated with CIR may cause the cosmic ray depression associated with 
high speed streams. Kota k Jokipii [2001] in their 3-D drift modulation model 
including CIR, assumed that particle scattering increases with the magnetic 
field (K a A DC 1/B) in the vicinity of CIR. The model of Scholer et al. [1979] 
incorporates changes in the solar wind parameters and magnetic field turbu-
lence in CIRs. Kota k Jokipii [2001] in their simulation considered a southward 
displaced heliospheric current sheet to account for 22-year variation in corotat-
ing decreases. Solutions to a 3-D transport equation including drifts, obtained 
by Gil k Alania [2001], predicted that the phase of the 22-year variation may 
reverse at larger distances in the heliosphere so that larger variations are seen 
when A < 0. However, all the proposed various models are far from perfect [for 
a critical assessment of various models, their merits and demerits, see review by 
Richardson 2004]. 
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More recently, Burger & Hitge (2004) developed a divergence free Fisk-
Parker hybrid heliospheric magnetic field and studied the effect of such field 
on galactic cosmic rays by solving numerically the 3-D steady state Parker 
transport-equation. They investigated ~ 26-day recurrent intensity variations 
of both protons and electrons and their latitudinal intensity gradient, for both 
solar magnetic polarity epochs (A < 0 and A > 0). Their simulation results 
show that the amplitude of recurrent variations is directly proportional to the 
latitudinal intensity gradient both for protons and electrons. They found com-
mon linear relation both for protons and electrons and in both polarity epochs 
(A < 0 and A > 0), in agreement with observational studies [Zhang, 1997; 
Paizis et ai, 1999]. However, with drift switched off in the code, electrons and 
protons obey different but still linear relationship, indicating that drifts may 
be important for corotating modulation. While Burger & Hitge [2004] do not 
show results for recurrent variations in the .ecliptic plane, they do show that 
the amplitude is always significantly larger when particles enter the heliosphere 
through the polar regions of the sun compared to when they enter through the 
ecliptic region; protons enter through the polar regions during A > 0 epochs. 
Therefore, if recurrent variations due to a Fisk-type field is present near the 
earth, one would expect that the amplitudes would be larger for protons during 
A > 0 epoch than during A < 0 epoch. 
The models with corotating interaction regions, including dynamical, com-
pressed magnetic field, may explain onset of corotating depressions due to en-
hanced particle scattering at low latitudes. But, the observed polarity depen-
dent effects in cosmic ray depressions is hard to explain from these models. How-
ever, if particle transport parameters have solar polar dependence [e.g. Chen & 
Bieber, 1993] in such a manner that there is enhanced effect of transport param-
eters in A > 0 epochs, convection-diffusion models, as proposed by Richardson 
et al. [1999] might explain the corotating depressions. One may also expect that 
a global model in which the large-scale structure is controlled by drift effects 
in conjunction with diffusion, convection and energy change; and small-scale 
structure is caused by diffusion effects in corotating structures may produce the 
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observations [Simnett et a/., 1998]. But, 3-D drift models [Kota & Jokipii, 2001] 
could produce the observed polarity dependence when a southward displaced 
HCS was considered. However, the potential of Fisk-field [Fisk, 1996] in the 
study of corotating decreases should also be explored. 
4.4 Conclusions 
GCR depressions due to CSWS are significantly larger during A > 0. Correla-
tion analysis between cosmic ray variation and solar wind velocity during high 
speed streams shows much better correlation during A > 0 as compared to A < 
0 epochs. Whether this reduced response of cosmic rays to solar wind enhance-
ment is due to different paths of cosmic rays entering in the heliosphere during 
A < 0 and A > 0 (through equatorial region and polar regions respectively) or 
due to polarity dependent transport coefficients, is not clear yet. 
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Chapter 5 
Summary and conclusions 
Studies of analyses of plasma and field characteristics of certain transients and 
corotating emmission from the Sun, their structural evolution interplanetary 
space and recurrent and non-recurrent modulation of cosmic ray intensity due 
to these structures, the results obtained, and conclusions drawn, as given below: 
• It is found that the amplitude of Forbush decreases in two polarity states 
of the heliosphere [A <0 and ^ > 0) are not significantly different, con-
sistent with the simulation results of including drifts. 
• The values of exponent 7 for a power law rigidity spectrum are found 
to be closer to the values given by model calculations including drifts as 
compared to no-drift case. 
• It is also found that the recovery rate is faster in A> 0 epoch as compared 
to >1 < 0 epoch. 
• These results provide another experimental evidence that drift effect plays 
an important role in the modulation of galactic cosmic rays. 
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• Galactic cosmic ray depressions due to CSWS are significantly larger dur-
ing A > 0. 
• Correlation analysis between cosmic ray variation and solar wind velocity 
during high speed streams shows much better correlation during A > 0 
as compared to A < 0 epochs. Whether this reduced response of cosmic 
rays to solar wind enhancement is due to different paths of cosmic rays 
entering in the heliosphere during A < 0 and A > 0 (through equatorial 
region and polar regions respectively) or due to polarity dependent trans-
port coefficients, is not clear yet. 
• There are significant differences in amplitude and time profile of depres-
sions in cosmic ray intensity due to (a) isolated magnetic clouds of mag-
netically quiet regions of high field strength, (b) magnetic clouds with 
preceding shock/sheath region of compressed plasma and magnetically 
turbulent field, (c) magnetic clouds with interaction region of fluctuating 
magnetic field and high speed streams from open field regions following 
them, and (d) magnetic clouds with preceding shock/sheath region and 
high speed stream following them. 
• Magnetic clouds with preceding shock/sheath produce Forbuse-like de-
crease, while isolated magnetic clouds may produce transient decreases of 
smaller amplitude with fast recovery, as observed by neutron monitors. 
• Magnetically quiet, high field structure of magnetic clouds are less effec-
tive in transient modulation of cosmic rays as compared to magnetically 
it-
turbulent high field region of sheath. The presence (or absence) of HSS 
influence the recovery rate; it is faster in the absence of HSS. 
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• Shock associated magnetic clouds (both NS and SN) may produce two-
step Forbush decreases, the first step of larger amplitude starts a few hour 
before, while second step of smaller amplitude coincides with the arrival 
time of magnetic clouds. 
• Recovery rate of Forbush decreases due to transient interplanetary struc-
ture is somewhat different during different polarity states of the helio-
sphere consistent with the prediction of drift models. However, recovery 
rate is also influenced considerably by the presence of HSS; recovery is 
faster in absence of streams. In other words, HSS appear to slow down 
the process of filling the lower density region created by passing interplan-
etary disturbances responsible for initial decrease. It is therefore expected 
that theoretical modeling efforts of Forbush decreases, may provide results 
that are more closer to observations, particularly the recovery rate, if the 
effects of HSS are also incorporated. 
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